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Hydrology is often defined as the science which deals with the physical properties, occurrence and
movement of water in the atmosphere, on the surface of, and in the outer crust of the earth This is an
all-inclusive and somewhat controversial definition for there are individual bodies of science
dedicated to study of various elements contained within this definition. Meteorology, oceanography,
geohydrology, among others, are typical. For the highway designer, the primary focus is with the
water that moves on the earth's surface and in particular that part which ultimately crosses
transporation arterials, i.e. highway stream crossings.

Hydrologists have been studying the flow or runoff of water over land for many decades and some
rather sophisticated theories have been proposed to describe the process. Unfortunately, most of
these attempts have been only partially successful not only because of the complexity of the process
and the many interactive factors involved, but also because of the stochastic nature of rainfall,
snowmelt and other sources of water. Most of the factors and parameters that influence surface
runoff have been defined, but for many, complete functional descriptions of their individual effects
exist only in empirical form. Extensive field data, empirically determined coefficients and sound
judgment and experience are required for their quantitative analysis.

By application of the principles and methods of modern hydrology, it is possible to obtain solutions
which are functionally acceptable and form the basis for the design of highway drainage structures. It
is the purpose of this manual to present some of these principles and techniques and to explain their
uses by illustrative examples. First, however, it is desirable to discuss some of the basic hydrologic
concepts that will be utilized throughout the manual and to discuss hydrologic analysis as it relates to
the highway stream crossing problem.

1.1 Hydrologic Cycle

Water, which is found everywhere on the earth, is one of the most basic and commonly occurring
substances. It is the only substance on earth that exists naturally in the three basic forms of matter,
l.e. liquid, solid, and gas. The quantity of water varies from place to place and time to time. Although
any given moment the vast majority of the earth's water is found in the world's oceans, there is a
constant interchange of water from the oceans to the atmosphere to the land and back to the ocean.
This interchange is called the hydrologic cycle.

The hydrologic cycle, illustrated in Figure 1, is a description of the transformation of water from one

phase to another and its motion from one location to some other. In this context, it represents the
complete life cycle of water on and near the surface of the earth.

Beginning with atmospheric moisture, the hydrologic cycle can be described as follows. When warm
moist air is lifted to the condensation level, precipitation in the form of rain, hail, sleet or snow falls on
a watershed. Some of the water evaporates as it is falling and the rest either reaches the ground or is
intercepted by buildings, trees and other vegetation. The intercepted water evaporates directly back
to the atmosphere thus completing a part of the cycle. The remaining precipitation falls to the



ground's surface or onto the water surfaces of rivers, lakes, ponds and the ocean.

If the precipitation falls as snow or ice, and the surface or air temperature is sufficiently cold, this
frozen water will be stored temporarily as snowpack to be released later when the temperature
increases and melting can occur. While contained in a snowpack, some of the water does escape
through sublimation, the process where frozen water (i.e. ice) changes directly into water vapor and
returns to the atmosphere without entering the liquid phase. When the temperature exceeds the
melting point, the water from snowmelt becomes available to continue in the hydrologic cycle.

The water that reaches the earth's surface either evaporates, infiltrates into the root zone or runs off
into puddles and depressions in the ground. The effect of infiltration is to increase the soil moisture. If
the moisture content is less than the Field Capacity of the soil, water returns to the atmosphere
through soil evaporation and by transpiration from plants and trees. If the moisture content becomes
greater than the Field Capacity, the water percolates downward to become ground water. (Field
Capacity is the moisture held by the soil after all excess gravitational drainage).

The part of precipitation which falls into puddles and depressions can evaporate, infiltrate, or if it fills
the depressions, the excess water begins to flow overland until eventually it reaches natural
drainageways. Water held within the depressions is called depression storage and is not available for
overland flow or surface runoff.

Before flow can occur overland and in the natural and/or manmade drainage system, the flow path
must be filled with water. This form of storage, called detention storage, is temporary since most of
this water continues to runoff after the rainfall ceases. The precipitation that percolates down to
ground water is maintained in the hydrologic cycle as seepage into streams and lakes, as capillary
movement back into the root zone, or it is pumped from wells and discharged into irrigation systems,
sewers or other drainageways. Water that reaches streams and rivers may be detained in storage
reservoirs and lakes or it eventually reaches the oceans. Throughout this path, water is continually
evaporated back to the atmosphere, and the hydrologic cycle is repeated.
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Figure 1. The Hydrologic Cycle




1.2 Hydrology of Highway Stream Crossings

In highway engineering, the diversity of drainage problems is broad and includes the design of
bridges, culverts, siphons and other cross drainage structures for channels varying from small
streams to large rivers. Stable open channels and stormwater collection and conveyance systems
must be designed for both urban and rural areas. It is often necessary to evaluate the impacts of
future land use, proposed flood control and water supply projects, and other planned and projected
changes on the design of the highway crossing. On the other hand, the designer also has a
responsibility to adequately assess flood potentials and environmental impacts that planned highway
and stream crossings may have on the watershed.

1.2.1 Elements of the Hydrologic Cycle Pertinent to Highway Crossings

In highway design, the primary concern is with the surface runoff portion of the hydrologic
cycle. Depending on local conditions other elements may be important, however,
evaporation and transpiration can generally be discounted in highway design. The four
most important parts of the hydrologic cycle to the highway designer are the following:

1. Precipitation
2. Infiltration
3. Storage

4. Surface Runoff

Precipitation is very important to the development of hydrographs and especially in
synthetic methods and some peak discharge formulas where the flood flow is determined
in part from excess rainfall or total precipitation less infiltration and storage. As described
above, infiltration is that portion of the rainfall which enters the ground surface to become
groundwater or to be used by plants and trees and transpired back to the atmosphere.
Some infiltration may find its way back to the tributary system as interflow moving slowly
near the ground surface or as groundwater seepage, but the amount is generally small.
Storage is the water held on the surface of the ground in puddles and other irregularities
(depression storage) and the water necessary to create a flow path (detention storage).
Surface runoff is the water which flows across the surface of the ground into the
watershed's tributary system and eventually into the primary watercourse.

The task of the designer is to determine the quantity and associated time distribution of
runoff at a given highway stream crossing taking into account each of the pertinent
aspects of the hydrologic cycle. In most cases, it is necessary to make reasonable
approximations of these factors in the basic runoff determinations. In some situations,
values can be assigned to storage and infiltration with confidence, while in others, there
may be considerable uncertainty or the importance of one or both of these losses may be
discounted in the final analysis. Thorough study of a given situation is necessary to
permit assumptions to be made, and often only acquired experience or qualified advice
permit solutions to the more complex and unique situations that may arise at a given
crossing.




1.2.2 Basic Problems to the Hydrology of Highway Crossings

In any hydrologic analyses, there are normally three basic problems which include:
1. Measurement, recording, compilation and publication of data
2. Interpretation and analysis of data
3. Application to design or other practical problems.

The development of hydrology for a highway stream crossing is no different. Each of
these problems must be addressed, at least in part, before an actual hydraulic structure
can be designed. How extensively involved the designer becomes with each depends on
the following:

1. Importance and cost of the structure or the acceptable risk of failure.

2. Amount of data available for the analysis.

3. Additional information and data needed.

4. Required accuracy.

5. Time and other resource constraints.

These factors normally determine the level of analysis justified for any particular design
situation. As practicing designers will attest, they are often confronted with the problems
of insufficient data and limited resources (time, manpower and money). It is impractical in
routine design to use analytical methods that require extensive time and manpower or
data not readily available or which are difficult to acquire. The more demanding methods
and techniques should be reserved for those special projects where additional data
collection and accuracy produces benefits which offset the additional costs involved.
Examples of techniques requiring large amounts of time and data include basinwide
computer simulation and rainfall-runoff models such as the Corps of Engineers' HEC-1,

1973, and the Soil Conservation Service's TR-20, 1965, among others. The discussion of
such techniques is beyond the scope of the manual and the reader is referred to the List
of References for more information on these models.

There are, however, a number of sound and proven methods available to analyze the
hydrology for the more traditional and routine day to day design problem. These are
procedures which enable peak flows and flow distributions (hydrographs) to be
determined without an excessive expenditure of time and which use existing data, or in
the absence of data, use synthetic methods to develop the design parameters. With care,
and often with only limited additional data, these same procedures can be used to
develop the hydrology for the more complex and/or costly design projects.

The choice of analytical method is a decision that must be made as each problem arises.
For this to be an informed decision, the designer must know what level of analysis is
justified, what data are available or must be collected, and what methods of analysis are
available together with their relative strengths and weaknesses in terms of cost and
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accuracy.

Exclusive of the effects a given design may have upstream or downstream in a
watershed, hydrologic analysis at a highway stream crossing requires the determination
of either peak flow or the flood hydrograph, and in some cases both. Peak discharge
(sometimes called the momentary maximum discharge) is critical because most highway
stream crossings are traditionally designed to pass a given quantity of water with an
acceptable level of risk. This capacity is usually specified in terms of the peak rate of flow
during passage of a flood, called peak discharge or peak flow. Associated with this flow is
a flood severity which is defined based on a predictable frequency of occurrence, i.e. a
10-year flood, a 50-year flood, etc. Table 1 is an example of some typical design

frequencies for various hydraulic structures on certain classes of highways.

Table 1. Design Frequencies for Highway Structures

Design Frequency in Years

Hyws. Main Lanes Roads
[ esauswes | 10 |

from Texas Highway Department, 1970.

Generally, the task of the highway designer is to determine the peak flows for a range of
flood frequencies at a site in a drainage basin. Culverts, bridges or other structures are
then sized to convey the design peak discharge within other constraints imposed on the
design. If possible, the peak discharge which almost causes highway overtopping is
estimated and this discharge is then used to evaluate the risk associated with the
crossing.

Hydrograph development is important where a detailed description of the time variation of
runoff is required. The concepts of risk analysis applied to design require that more than
just peak flow be known. Similarly, the effects of urbanization, storage and other changes
in a watershed affect flood flows in many ways. Travel time, time of concentration, runoff
duration, peak flow and the volume of runoff may be changed by very significant
amounts. The flood hydrograph is the primary way to evaluate and assess these
changes. Additionally, when flows are combined and routed to another point along a
stream, hydrographs are essential.

Neither peak flow nor hydrographs present any real computational difficulties provided
data are available for their determination. The common problem faced by the highway
designer is that there may be insufficient flow data, or often no data at all, at the site for
which a stream crossing is to be designed. While data-describing the topography and the
physical characteristics of the basin are readily attainable, rarely is there sufficient time to
collect the flow data necessary to evaluate peak flows and hydrographs. In this case, the
designer must resort to synthetic methods to develop design criteria. These methods
require considerably more judgement and understanding in order to evaluate their



application and reliability.

Finally, the designer must be constantly alert to changing or the potential for changing
conditions in a watershed. This is especially important when reviewing reported
streamflow data for a watershed which has undergone urban development, and
channelization, diversions and other drainage improvements. Similarly, the construction
of reservoirs, flow regulation measures, stock ponds and other storage facilities in the
basin may be reflected in stream flow data. Other factors such as change in gage datum,
moving of a gage, or mixed floods (floods caused by rainfall and snowbelt or rainfall and
hurricanes) must be carefully analyzed to avoid misinterpretation and/or incorrect
conclusions.

1.3 General Data Requirements

Regardless of the method selected for the analysis of a particular hydrologic problem, there is an
almost immediate need for data. These needs take a variety of forms and may include data on
precipitation and stream flow, information about the watershed, and the project to be designed. The
type, amount and availability of the needed data will be determined in part, by the method selected
for the analysis.

Section 3 of this manual deals extensively with hydrologic data. Types of data and information are

discussed and the common sources for this information are identified. Other pertinent aspects on
handling data are described including identification, documentation and indexing.

1.4 Solution Methods

Available analytical methods can be grouped into the two broad categories of deterministic and
statistical methods. Deterministic methods strive to model the rainfall-runoff process while statistical
methods utilize numerical data to describe the process. Deterministic methods can either be
conceptual, where each of the elements of the runoff process is accounted for in some manner, or
they may be empirical, where the relationship between rainfall and runoff is quantified based on
measured data and experience. Statistical methods apply the techniques and procedures of modern
statistical analysis to actual or synthetic data and define the needed design parameters directly.

1.4.1 Deterministic Methods

Deterministic methods often require a large amount of judgment and experience to be
used effectively. These methods depend heavily upon the person applying the method
and it is not uncommon for two different designers utilizing the same deterministic method
to arrive at very different estimates of runoff for the same watershed. The accuracy of
deterministic methods is also difficult to quantify. However, deterministic methods are
usually based on fundamental concepts, and there is often an intuitive "rightness" about
them which has led to their widespread acceptance in highway and other design practice.
An experienced designer, familiar with a particular deterministic method, can arrive at
reasonable solutions in a relatively short period of time.




1.4.2 Statistical Methods

Statistical methods, in general, do not require as much subjective judgment and
experience to apply as deterministic methods. They are usually well documented
mathematical procedures which are applied to measured or observed data. The answers
a designer arrives at should be very nearly the same as those of another who applies the
same procedures to the same data. The accuracy of statistical methods can also be
measured quantitatively. However, statistical methods are not well understood, and as a
result answers are often misinterpreted. Another objective of this manual, and Section 4

in particular, is to present the commonly accepted statistical methods for peak flow
determination in a logical format which encourages their use in highway drainage design.

Go to Section 2
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From the discussion of the Hydrologic Cycle in Section 1, the runoff process can be defined as

that collection of interrelated natural processes by which water, as precipitation, enters a
watershed and then leaves as runoff. In other words, surface runoff is the excess precipitation
which has not been removed from the watershed by any other process in the hydrologic cycle.
The amount of precipitation which runs off from the watershed is defined as the "rainfall
excess", and "hydrologic abstractions" is the commonly used term to group all the processes
which extract water from the original precipitation. It follows then that surface runoff is equal to
the rainfall excess, or in the case of the typical highway problem, the runoff is the original
precipitation less infiltration and storage.

The primary purpose of this section is to describe more fully the runoff process. Pertinent
aspects of precipitation are identified and each of the hydrologic abstractions is discussed in
some detail. The important characteristics of runoff are then defined together with how they are
influenced by different features of the drainage basin. The section concludes with a qualitative
discussion of the runoff process beginning with precipitation and illustrating how this input is
modified by each of the hydrologic abstractions.

2.1 Precipitation

Precipitation is the water which falls from the atmosphere in either liquid or solid form. It results
from the condensation of moisture in the atmosphere due to cooling of a parcel of air. The most
common cause of cooling is dynamic or adiabatic lifting of the air. Adiabatic lifting means that a
given parcel of air is caused to rise with resultant cooling and possible condensation into very
small cloud droplets. If these droplets coalesce and become of sufficient size to overcome the
air resistance, precipitation in some form results.

2.1.1 Forms of Precipitation

Precipitation occurs in various forms. Rain is precipitation that is in the liquid state
when it reaches the earth. Snow is frozen water in a crystalline state, while hail is
frozen water in a "massive" state. Sleet is melted snow which is an intermixture of
rain and snow. Of course, precipitation that falls to earth in the frozen state cannot
become part of the runoff process until thawing and melting occur. Much of the
precipitation that falls in mountainous areas and in the northerly latitudes falls in
frozen form and is stored as snowpack or ice until warmer temperatures prevail.




2.1.2 Types of Precipitation (by Origin)

Precipitation can be classified by the origin of the lifting motion which causes the
precipitation. Each type is characterized by different spatial and temporal rainfall
regimens. There are three major types of storms which can be classified as follows:

1. Convective Storms
2. Orographic Storms

3. Cyclonic Storms

A fourth type of storm is often added, the hurricane or tropical cyclone, al though it
is a special case of the cyclonic storm.

2.1.2.1 Convective Storms

Precipitation from convective storms results as warm moist air rises from lower
elevations into cooler overlying air as shown in Figure 2. The characteristic form of

convective precipitation is the summer thunderstorm. The surface of the earth is
warmed considerably by mid- to late afternoon of a summer day, the surface
imparting its heat to the adjacent air. The warmed air begins rising through the
overlying air, and if proper moisture content conditions are met (condensation level),
large quantities of moisture will be condensed from the rapidly rising, rapidly cooling
air. The rapid condensation may often result in huge quantities of rain from a single
thunderstorm spawned by convective action, and very large rainfall rates are quite
common beneath slowly moving thunderstorms.
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Figure 2. Convective Storm

2.1.2.2 Orographic Storms

Orographic precipitation results as air is forced to rise over a fixed position
geographic feature such as a range of mountains, Figure 3. The characteristic
precipitation patterns of the Pacific coastal states are the result of significant
orographic influences. Mountain slopes that face the wind (windward) are much
wetter than the opposite (leeward) slopes. In the Cascade Range in Washington
and Oregon, the west-facing slopes may receive upwards of 100 inches (254 cm) of
precipitation annually, while the east facing slopes, only a few miles away over the
crest of the mountains, receive on the order of 20 inches (51 cm) of precipitation
annually.
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Figure 3. Orographic Storm

2.1.2.3 Cyclonic Storms

Cyclonic precipitation is caused by the rising or lifting of air as it converges on an
area of low pressure. Air moves from areas of higher pressure toward areas of
lower pressure. In the middle latitudes, cyclonic storms generally move from west to
east and have both cold and warm air associated with them. These mid-latitude
cyclones are sometimes called extra-tropical cyclones or continental storms.
Continental storms occur at the boundaries of air of significantly different
temperatures. A disturbance in the boundary between the two air parcels can grow,
appearing as a wave as it travels from west to east along the boundary. Generally,
on a weather map, the cyclonic storm will appear as shown in Figure 4 with two
boundaries or fronts developed. One has warm air being pushed into an area of
cool air, while the other has cool air pushed into an area of warmer air. This type of
air movement is called a front; where warm air is the aggressor it is a warm front,
and where cold air is the aggressor it is a cold front, Figure 5. The precipitation
associated with a cold front is usually heavy and covers a relatively small area,
whereas the precipitation associated with a warm front is more passive, smaller in
guantity, but covers a much larger area. Tornadoes and other violent weather
phenomena are associated with cold fronts.

2.1.2.4 Hurricanes

Hurricanes or tropical cyclones develop over tropical oceans which have a surface
water temperature greater than 85°F (29°C). A hurricane has no trailing fronts as



the air is uniformly warm since the ocean surface from which it was spawned is
uniformly warm. Hurricanes can drop tremendous amounts of moisture on an area
In a relatively short time. Rainfall amounts of 15n20 inches (38n51 cm) in less than
24 hours are common in well-developed hurricanes, where winds are sustained in
excess of 75 miles per hour (121 km/hr).

2.1.3 Characteristics of Rainfall Events

The characteristics of precipitation which are important to highway drainage are:
1. Intensity (rate of rainfall)
2. Duration
3. Time Distribution of Rainfall
4. Storm shape, size, and movement

5. Frequency

Intensity is defined as the rate of rainfall and is commonly given in the units of
inches per hour. All precipitation is measured as the vertical depth of water (or water
equivalent in the case of snow) which would accumulate on a flat level surface if all
the precipitation remained where it had fallen. A variety of rain gages have been
devised to measure precipitation. All first-order weather stations utilize gages that
provide nearly continuous records of accumulated rainfall with time. These data are
typically reported in either tabular form or as mass rainfall curves, Figure 6.
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Figure 6. Mass Rainfall Curves
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Figure 7. Rainfall Hyetographs for Chicago Station

In any given storm, the instantaneous intensity is the slope of the mass rainfall
curve at a particular time. For hydrologic analysis, it is desirable to divide the storm
Into convenient time increments and to determine the average intensity over each of
the selected periods. These results are then plotted as rainfall hyetographs, two
examples of which are shown for Chicago Station in Figure 7.

While the above illustrations use a 1-hour increment to determine the average
intensity, any time increment compatible with the time scale of the hydrologic event
to be analyzed can be used. Figure 7 shows the irregular and complex nature of

different storms even though measured at the same station.

In spite of this complexity, intensity is the most important of the rainfall
characteristics. All other factors being equal, the more intense the rainfall, the larger
will be the discharge from a given watershed. Intensities can vary from misting
conditions where a trace (<0.005 inches total, or approximately .01 cm) of
precipitation may fall to cloudbursts where several inches per hour are common.
Figure 8, taken from the U.S. Weather Bureau, 1947, summarizes some of the

maximum observed rainfalls in the United States.

The events given in Figure 8 are depth-duration values at a point and can only be
interpreted for average intensities over the reported durations. Still some of these
storms were very intense with average intensities on the order of 5 to 20 inches per
hour (13 to 51 cm/hr) for the shorter durations (<1 hour) and from 2 to 10 inches per
hour (5 to 25 cm/hr) for the longer durations (>1 hour). Since these are only
averages, it is probable that intensities in excess of these values occurred during
the various storms.

The storm duration or time of rainfall can be determined from either Figure 6 or



Figure 7. In the case of Figure 6, the duration is the time from the beginning of

rainfall to the point where the mass curve becomes horizontal indicating no further
accumulation of precipitation. In Figure 7, the storm duration is simply the width

(time base) of the hyetograph. The most direct effect of storm duration is on the
volume of surface runoff with longer storms producing more runoff than shorter
duration storms of the same intensity.

The time distribution of the rainfall is normally given in the form of intensity
hyetographs similar to those shown in Figure 7. This time variation directly

determines the corresponding distribution of the surface runoff. As illustrated in
Figure 9, high intensity rainfall at the beginning of a storm, such as the January 8

storm in Figure 7, will result in a rapid rise in the runoff followed by a long recession

of the flow. Conversely, if the more intense rainfall occurs toward the end of the
duration, as in the July 24 storm of Figure 7, the time to peak will be longer followed

by a rapidly falling recession.

Storm shape, size and movement are normally determined by the type of storm,
Section 2.1.2. For example, storms associated with cold fronts (thunderstorms) tend

to be more localized, faster moving and of shorter duration, whereas warm fronts
tend to produce slowly moving storms of broad areal extent and longer durations. All
three of these factors determine the areal extent of precipitation and how large a
portion of the drainage area contributes over time to the surface runoff. As
illustrated in Figure 10, a small localized storm of a given intensity and duration,

over a part of the drainage area will result in much less flow than if the same storm
covered the entire watershed. The location of a localized storm in the drainage
basin also affects the time distribution of the surface runoff. A storm near the outlet
of the watershed will result in the peak flow occurring very quickly and a rapid
passage of the flood. If the same storm occurred in a remote part of the basin, the
runoff at the outlet would be longer and the peak flow lower due to storage in the
channel.
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Storm movement has a similar effect on the runoff distribution particularly if the
basin is long and narrow. Figure 11 shows that a storm moving up a basin from its



outlet gives a distribution of runoff that is relatively symmetrical with respect to the
peak flow. The same storm moving down the basin will usually result in a higher
peak flow and an unsymmetrical distribution with the peak flow occurring later in
time.
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Figure 10. Effect of Storm Size on Surface Runoff

Frequency is also an important characteristic because it establishes the frame of
reference for how often precipitation with given characteristics is likely to occur.
From the standpoint of highway design, a primary concern is with the frequency of
occurrence of the resulting surface runoff, and in particular, the frequency of the
peak discharge. While the designer is cautioned about assuming that a given
frequency storm always produces a flood of the same frequency, there are a
number of analytical techniques that are based on this assumption, particularly for
ungaged watersheds. Some of the factors that determine how closely the
frequencies of precipitation and peak discharge correlate with one another are
discussed in Section 2.4.
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Figure 11. Effect of Storm Movement on Surface Runoff

Precipitation is not easily characterized although there have been many attempts to
do so. There are references and data sources available which provide general
information on the character of precipitation at specified geographic locations.



These sources are discussed more fully in Section 3 and Appendix C. Itis

important, however, to understand the highly variable and erratic nature of
precipitation. Highway designers should become familiar with the different types of
storms and the characteristics of precipitation which are indigenous to their regions
of concern. They should also understand the seasonal variations which are
prevalent in many areas. In addition, it is very beneficial to study reports which have
been prepared on historic storms in a region. Such reports can provide information
on past storms and the consequences they may have had on drainage structures.

2.2 Hydrologic Abstractions

Abstractions is the collective term given to the various processes which act to remove water
from the incoming precipitation before it leaves the watershed as runoff. These processes are
evaporation, transpiration, interception, infiltration, depression storage and detention storage.

2.2.1 Evaporation

Evaporation occurs continually whenever the air is unsaturated and temperatures
are sufficiently high. Air is "saturated" when it holds its maximum capacity of
moisture at the given temperature. Saturated air has a relative humidity of 100
percent. Evaporation plays a major role in determining the long term water balance
in a watershed. However, evaporation is usually insignificant in small watersheds for
single storm events and can be discounted when calculating the discharge from a
given rainfall event.

2.2.2 Transpiration

Transpiration is the physical removal of water from the watershed by the life actions
associated with the growth of vegetation. In the process of respiration, green plants
consume water from the ground and transpire water vapor to the air through their
foliage. As was the case with evaporation, this abstraction is only significant when
taken over a long period of time, and has minimal effect upon the runoff resulting
from a single storm event for a small watershed.

2.2.3 Interception

Interception is the removal of water which wets and adheres to objects above
ground such as buildings, trees and vegetation. This water is subsequently removed
from the surface through evaporation. Interception can be as high as 0.06 inches
(0.15 cm) during a single rainfall event but usually is nearer 0.02 inches (0.05 cm).
The quantity of water removed through interception is usually not significant for an
isolated storm but when added over a period of time, can be significant. It is thought



that as much as 25 percent of the total annual precipitation for certain heavily
forested areas of the Pacific Northwest of the United States is lost through
interception during the course of a year.

2.2.4 Infiltration

The most important abstractions in determining the surface runoff from a given
precipitation event are infiltration, depression storage and detention storage.
Infiltration is the flow of water into the ground by percolation through the earth's
surface. The process of infiltration is complex and depends upon many factors such
as soil type, vegetal cover, antecedent moisture conditions or the amount of time
elapsed since the last precipitation event, precipitation intensity, and temperature.
Infiltration is usually the single most important abstraction in determining the
response of a watershed to a given rainfall event. As important as it is, there is no
generally acceptable model developed to accurately predict infiltration rates for a
given watershed.

2.2.5 Depression Storage

Depression storage is the term applied to water which is lost because it becomes
trapped in the numerous small depressions which are characteristic of any natural
surface. When ponded water accumulates in a low point with no possibility for
escape as runoff, the accumulation is referred to as depression storage. The
amount of water which is lost due to depression storage varies greatly with the land
use. A paved surface will not detain as much water as a recently furrowed field. The
relative importance of depression storage in determining the runoff from a given
storm depends on the amount and intensity of precipitation in the storm. Typical
values for depression storage range from 0.02 to 0.30 inches (0.05 to 0.8 cm) with
some values as high as 0.50 inches (1.3 cm) per event.

2.2.6 Detention Storage

Detention storage is water which is temporarily stored in the depth of water
necessary for overland flow to occur. In other words, the volume of water in motion
over the land constitutes the detention storage. The amount of water which will be
stored is dependent on a number of factors such as land use, vegetal cover, slope
and rainfall intensity. Typical values for detention storage range from 0.1 to 0.4
inches (0.25n1.0 cm) but values as high as 2.0 inches (5.1 cm) have been reported.

It is evident that the runoff, if any, which results from a given precipitation event over
a specific watershed is highly influenced by the abstractions. In order for the
highway designer to understand the hydrology of a region, it is important to know
the relative effect each of the abstractions identified above has on the response of
typical watersheds to different types of storms.



2.3 Characteristics of Runoff

Water which has not been abstracted from the incoming precipitation leaves the watershed as
surface runoff. While runoff occurs in several stages, the flow which becomes channelized is
the main consideration to highway stream crossing design since it determines the size of a
given drainage structure. The rate of flow or runoff at a given instant, in terms of volume per unit
of time, is called discharge. Some important characteristics of runoff important to drainage
design are:

1. peak discharge or peak rate of flow

2. discharge variation with time (hydrograph)
3. stage-discharge relationship

4. total volume of runoff

5. frequency with which discharges of specified magnitudes are likely to occur (probability of
occurrence)

2.3.1 Peak Discharge

The peak discharge, often called peak flow, is the maximum flow of water passing a
given point during or after a rainfall event. Highway designers are interested in peak
flows for storms in an area because it is the discharge which a given structure must
be sized to handle. Of course, the peak flow varies for each different storm, and it
becomes the designer's responsibility to size a given structure for the magnitude of
storm which is determined to present an acceptable risk in a given situation. Peak
flow rates can be affected by many factors in a watershed, including rainfall, basin
size and its physiographic features.

2.3.2 Time Variation (Hydrograph)

The flow in a stream varies from time to time, particularly during and in response to
storm events. As precipitation falls and moves through the watershed, water levels
in streams rise and may continue to do so (depending on position in the watershed)
after the precipitation has ceased. The response of an affected stream through time
during a storm event is characterized by the flood hydrograph. This response can
be pictured by graphing the flow in a stream relative to time. The primary features of
a typical hydrograph are illustrated in Figure 12 and include the rising and falling
limbs, the peak flow, the time to peak and the time of flood. There are several types
of hydrographs such as flow per unit area and stage hydrographs, but all display the
same typical variation through time.
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Figure 12. Flood Hydrograph

2.3.3 Stage-Discharge

The stage of a river is the elevation of the water surface above some arbitrary zero
datum. The datum can be mean sea level, but usually is set slightly below the point
of zero flow in the given stream. Discharge which is the quantity of water passing a
given point is directly related to the stage of a river, Figure 13. As the stage rises the

discharge increases, and conversely, as the stage falls the discharge decreases.
Generally, discharge is related to stage at a particular point by a series of field
measurements of discharge which define the stage-discharge relationship. The
discharge is determined by mapping a cross-sectional area in a stream, and
multiplying the area by point measurements of velocity at various locations and
depths in that cross section. The average velocity in a given cross section segment
(of not more than 10 percent of the total cross-sectional area of a stream) can be
approximated within 2 percent by averaging the velocities at two-tenths and
eight-tenths of the total depth at the measurement location. The velocity at
six-tenths depth below the surface also characterizes the mean velocity in a
cross-sectional segment within about 5 percent. The total discharge is the sum of
the incremental flows estimated for each cross-sectional segment.
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2.3.4 Total Volume

The total volume of runoff from a given flood is of primary importance to the design
of storage facilities and flood control works. Flood volume is not normally a
consideration in the design of highway structures although it is used in various
analyses for other design parameters. Flood volume is most easily determined as
the area under the flood hydrograph, Figure 12, and is commonly measured in units

of cubic feet or acre-feet.

2.3.5 Frequency

Frequency is the number of times a flood of a given magnitude can be expected to
occur on an average over a long period of time. By its definition, frequency is a
probabilistic concept and is actually the probability that a flood of a given magnitude
may be exceeded in a specified period of time, usually 1 year. Frequency is an
important design parameter in that it identifies the level of risk acceptable for the
design of a highway structure.

2.4 Effects of Basin Characteristics on Runoff

The spatial and temporal variations of precipitation and the concurrent variations of the
individual abstraction processes determine the characteristics of the runoff from a given storm.
These are not the only factors involved, however. Once the local abstractions have been



satisfied for a small area of the watershed, water begins to flow overland and eventually into a
natural drainage channel such as a gulley or a stream valley. At this point, the hydraulics of the
natural drainage channels have a large influence on the character of the total runoff from the
watershed.

There are many factors which determine the hydraulic character of the natural drainage system.
A few of these are drainage area, slope, hydraulic roughness, natural and channel storage,
stream length, channel density, antecedent moisture conditions, and other factors such as
vegetation, channel modifications, etc. The effect that each of these factors has on the
important characteristics of runoff is often difficult to quantify. The following paragraphs discuss
some of the factors which affect the hydraulic character of a given drainage system.

2.4.1 Drainage Area

Drainage area is the most important watershed characteristic affecting runoff. The
larger the contributing drainage area, the larger will be the flood runoff. Regardless
of the method utilized to evaluate flood flows, drainage area is directly related to the
peak flood flow.

2.4.2 Slope

Steep slopes tend to result in rapid responses to local rainfall excess and
consequently higher peak discharges, Figure 14a. The runoff is quickly removed

from the watershed, so the hydrograph is short with a high peak. The
stage-discharge relationship is highly dependent upon the local characteristics of
the cross section of the drainage channel, and if the slope is sufficiently steep,
supercritical flow may prevail. The total volume of runoff is also affected by slope. If
the slope is very flat, the rainfall excess will not be removed as rapidly. The process
of infiltration will have more time affect the rainfall excess, thereby resulting in a
reduction of total volume.
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Figure 14. Effects of Basin Characteristics on the Flood Hydrograph

The effect of slope on the frequency of a discharge of given magnitude is not
immediately obvious. Slope is very important in how quickly a drainage channel will
convey water, and therefore it determines the sensitivity of a watershed to
precipitation events of various time durations. Watersheds with steep slopes will
rapidly convey incoming rainfall, and if the rainfall is convective (characterized by
high intensity and relatively short duration) the watershed will respond very quickly
with peak flow occurring shortly after the onset of precipitation. If these convective



storms occur with a given frequency, then the resulting runoff can be expected to
occur with a similar frequency. On the other hand, for a watershed with a flat slope,
the response to the same storm will not be as rapid, and depending on a number of
other factors, the frequency of the resulting discharge may be dissimilar to the storm
frequency.

2.4.3 Hydraulic Roughness

Hydraulic roughness is a composite of the physical characteristics which influence
the flow of water across the surface, whether natural or channelized. It affects both
the time response of a drainage channel and the channel storage characteristics.
Hydraulic roughness has a marked effect on the characteristics of the runoff
resulting from a given storm. The peak rate of discharge is inversely proportional to
hydraulic roughness, i.e., the lower the roughness, the higher the peak discharge.
Roughness affects the runoff hydrograph in a manner opposite of slope. The lower
the roughness, the more peaked and shorter in time the resulting hydrograph will be
for a given storm, Figure 14b.

The stage-discharge relationship for a given section of drainage channel is also
dependent on roughness (assuming normal flow conditions and the absence of
artificial controls). The higher the roughness, the higher the stage for a given
discharge.

The total volume of runoff is virtually independent of hydraulic roughness. An
indirect relationship does exist in that higher roughnesses slow the watershed
response and allow some of the abstraction processes more time to affect the
runoff. Roughness also has an influence on the frequency of discharges of certain
maghnitudes by affecting the response time of the watershed to precipitation events
of specified frequencies.

2.4.4 Storage

It is common for a watershed to have natural or man-made storage which greatly
affects the response to a given precipitation event. Common features which
contribute to storage within a watershed are lakes, marshes, heavily vegetated
overbank areas, natural or manmade constrictions in the drainage channel which
cause backwater, and the storage in the floodplains of large, wide rivers. Storage
can have a significant effect in reducing the peak rate of discharge, although this
reduction is not necessarily universal. There have been some instances where
artificial storage redistributes the discharges very radically resulting in higher peak
discharges than would have occurred had the storage not been added. As shown in
Figure 14c, storage generally spreads the hydrograph out in time, delays the time to

peak and alters the shape of the resulting hydrograph from a given storm.

The stage-discharge relationship also can be influenced by storage within a



watershed. If the section of a drainage channel is upstream of the storage and
within the zone of backwater, the stage for a given discharge will be higher than if
the storage were not present. If the section is downstream of the storage, the
stage-discharge relationship may or may not be affected, depending upon the
presence of channel controls.

The total volume of water is not directly influenced by the presence of storage.
Storage will redistribute the volume over time, but will not directly change the
volume. By redistributing the runoff over time, storage may allow other abstraction
processes to affect the runoff as was the case with slope and roughness.

Storage has a very definite effect upon the frequency of discharges of given
magnitudes. It tends to dampen the response of a watershed to very short events
and to accentuate the response to very long events. This alters the relationship
between frequency of precipitation and the frequency of the resultant runoff.
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Figure 15. The Runoff Process

2.4.5 Drainage Density

Drainage density can be defined as the ratio between the number of well defined
drainage channels and the total drainage area in a given watershed. It is determined
by the geology and the geography of the watershed. Characteristic drainage
patterns are features which can be readily distinguished on aerial photographs and
can be interpreted very rapidly.

Drainage density has a strong influence on both the spatial and temporal response
of a watershed to a given precipitation event. If a watershed is well covered by a
pattern of interconnected drainage channels, and the over-land flow time is
relatively short, the watershed will respond more rapidly than if it were sparsely
drained and flow time was relatively long. The mean velocity of water is normally
lower for overland flow than it is for flow in a well defined natural channel. High
drainage density increases the response of a watershed leading to higher peak
discharges and shorter hydrographs for a given precipitation event, Figure 14d.

Drainage density has minimal effect on the stage-discharge relationship for a
particular section of drainage channel. It does, however, have an effect on the total
volume of runoff since some of the abstraction processes are directly related to how
long the rainfall excess exists as overland flow. Therefore, the lower the density of
drainage, the lower will be the volume of flow from a given precipitation event.

Drainage density has an indirect effect on the frequency of discharges of given
magnitudes. By strongly influencing the response of a given watershed to any
precipitation input, the drainage density determines in part the frequency response.
The higher the drainage density, the more closely related the resultant runoff
frequency will be to that of the corresponding precipitation event.

2.4.6 Channel Length

Channel length plays an important role in several runoff characteristics. The longer
the channel the more time it takes for water to be conveyed from the beginning of
the channel to the outlet. Consequently, if all other factors are the same, a
watershed with a longer channel length will have a slower response to a given
precipitation input than a watershed with a shorter channel length. As the
hydrograph travels along a channel, it is attenuated and extended in time due to the
effects of channel storage and hydraulic roughness. As shown in Figure 14e, longer

channels result in lower peak discharges and longer hydrographs.

The frequency. of discharges of given magnitudes will also be influenced by channel



length. As was the case for drainage density, channel length is an important
parameter in determining the response time of a watershed to precipitation events
of given frequency. However, channel length may not remain constant with
discharges of various magnitudes. In the case of a wide flood plain where the main
channel meanders appreciably, it is not unusual for the higher flood discharges to
overtop the banks and essentially flow in a straight line in the flood plain, thus
reducing the effective channel length.

The stage-discharge relationship and the total volume of runoff are practically
independent of channel length. Volume, however, will be redistributed in time,
similar in effect to storage but less pronounced.

2.4.7 Antecedent Moisture Conditions

As noted earlier, antecedent moisture conditions, which are the soil moisture
conditions of the watershed at the beginning of a storm, affect the volume of runoff
generated by a particular storm event. Runoff volumes are related directly to
antecedent moistures. The lower the moisture in the ground at the beginning of
precipitation, the lower will be the runoff, conversely, the higher the moisture content
of the soil, the higher the runoff attributable to a particular storm.

2.4.8 Other Factors

There can be other factors within the watershed which determine the character of
runoff. Examples are: extent and type of vegetation, the presence of channel
modifications, and flood control structures. These factors modify the character of the
runoff by either augmenting or negating some of the basin characteristics described
above. It is important to recognize that all the factors discussed exist concurrently
within a given watershed, and their combined effects are very difficult to model and

guantify.

2.5 Analysis of the Runoff Process

In Section 2.2 several key abstractions were described in general terms. The method by which
the runoff process can be analyzed and the results used to obtain a hydrograph are illustrated
in the following example. Figures 15a through 15h show the development of the flood
hydrograph from a typical rainfall event.

2.5.1 Rainfall Input

Rainfall is randomly distributed in time and space and the rainfall experienced at a
particular point can vary greatly. For simplification, consider the rainfall at only one



point in space and assume that the variation of rainfall intensity with time can be
approximated by discrete time periods of constant intensity. This simplification is
illustrated in Figure 15a. The specific values of intensity and time are not important
for this illustrative example since it shows only relative magnitudes and
relationships. The rainfall, so arranged, is the input to the runoff process, and from
this, the various abstractions must now be deleted.

2.5.2 Interception

Figure 15b illustrates the relative magnitude and time relationship for interception.
When the rainfall first begins, the foliage and other intercepting surfaces are dry. As
water adheres to these surfaces, a large portion of the initial rainfall is abstracted.
This occurs relatively fast and once the initial wetting is complete, the interception
losses quickly decrease to lower, nearly constant value. The rainfall which has not
been intercepted falls to the ground surface to continue in the runoff process.

2.5.3 Depression Storage

Figure 15c illustrates the relative magnitude of depression storage with time. Only

the water which is in excess of that necessary to supply the interception is available
for depression storage. This is the reason the depression storage curve begins at
zero. The amount of water which goes into depression storage varies with differing
land uses and soll types but the curve shown is representative. The smallest
depressions are filled first and then the larger depressions are filled as time and the
rainfall supply continue. The slope of the depression storage curve depends on the
distribution of storage volume with respect to the size of depressions. There are
usually many small depressions which fill rapidly and account for most of the total
volume of depression storage. This results in a rapid peaking of storage with time as
shown in Figure 15c. The large depressions take longer to fill and the curve
gradually approaches zero when all the depression storage has been filled. If the

rainfall input were less than the interception and depression storage, there would be
no surface runoff.

2.5.4 Infiltration

Infiltration is a complex process, and the rate of infiltration at any point in time
depends on many factors as discussed in Section 2.2.3. The important point to be
illustrated in Figure 15d is the time dependence of the infiltration curve. It is also
important to note the behavior of the infiltration curve after the period of relatively
low rainfall intensity near the middle of the storm event. The infiltration rate
increases over what it was prior to the period of lower intensity. This is because the
upper layers of the soil are drained at a rate which is independent of the rainfall
intensity. The details of the process are not important but this phenomenon should




be recognized. Most deterministic models, including the @-Index method of
estimating infiltration discussed in the later sections of this manual, do not model the
infiltration process accurately in this respect.

2.5.5 Rainfall Excess

Only after interception, depression storage and infiltration have been satisfied is
there an excess of water available to runoff from the land surface. As previously
defined, this is the rainfall excess and is illustrated in Figure 15e. Note how this
rainfall excess differs with the actual rainfall input, Figure 15a. The concept of
excess rainfall is very important in hydrologic analyses. It is the amount of water
available to runoff after the initial abstractions have been satisfied. Except for the
losses that may occur during overland and channelized flow, it is the volume of
water that flows by the outlet of a drainage basin. In other words, it should be very
nearly equal to the volume under the hydrograph as defined in Section 2.3.4. The
rainfall excess has a direct effect on the characteristics of the outflow hydrograph. It
determines the magnitude of the peak flow, the time of flood and the shape of the
hydrograph.

2.5.6 Detention Storage

As shown in Figure 15f, there is also a volume of water detained in temporary or
detention storage. This volume is proportional to the local rainfall excess and is
dependent on a number of other factors as mentioned in Section 2.2.6. Although all
water in detention storage eventually leaves the basin, this requirement must be
met before runoff can occur.

2.5.7 Local Runoff

Local runoff, illustrated in Figure 15q, is actually the residual of the rainfall input

after all abstractions have been satisfied. It is similar in shape to the excess rainfall,
Figure 15e, but is extended in time as the detention storage is depleted.

2.5.8 Outflow Hydrograph

Figure 15h illustrates the final outflow hydrograph from the watershed due to the
local runoff hydrograph of Figure 15g. This final hydrograph is the cumulative effect

of all the modifying factors which act on the water as it flows through drainage
channels as discussed in Section 2.4. The total volume of water contained under

the hydrographs of Figure 159 and Figure 15h and the rainfall excess, Figure 15e

are the same, although the outflow hydrograph's position in time is modified due to
channel slope, length, roughness and storage.




The processes which have been discussed in the previous sections all act
simultaneously to transform the incoming rainfall from that shown in Figure 15a to
the corresponding outflow hydrograph of Figure 15h. This example serves to
illustrate the runoff process for a small local area. If the watershed is of appreciable

size or if the storm is large, then areal and time variations and other factors add a
new level of complexity to the problem.

Go to Section 3
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As a first step in a hydrologic study, it is desirable to identify the data needs as precisely as possible. These needs
will depend on whether the project is preliminary and accuracy is not critical, or if the analysis is to be performed to
obtain parameters for final design. If the purpose of the study is defined, it is usually possible to select a method of
analysis for which the type and amount of data can be readily determined. These data may consist of details of the
watershed such as maps, topography, and land use, records of precipitation for various storm events, and
information on annual or partial peak flows or continuous streamflow records. Depending on the size and scope of
the project, it may even be necessary to seek out historical data on floods in order to better define the streamflow
record.

If data needs are clearly identified, the effort necessary for its collection and compilation can be tailored to the
importance of the project. Often, a well thought out data collection program generally leads to a more orderly and
efficient analysis. It should be remembered, however, that data needs vary with the method of analysis, and that
there is no single method applicable to all design problems.

Once data needs have been properly defined the next step is to identify possible sources of data. Past experience is
the best guide as to which sources of data are likely to yield the required information. There is no substitute for
actually searching through all the possible sources of data as a means of becoming familiar with the types of data
available. This experience will pay dividends in the long run even if the data required for a particular study is not
available in the researched sources. By acquainting the designer with the data that are available and the procedures
necessary to access the various data sources the time required for subsequent data searches can often be
significantly reduced.

3.1 Collection and Compilation of Data

Most of the data and information necessary for the design of highway stream crossings are obtained from some
combination of the following sources:

1. Site investigations and field surveys

2. Files of federal agencies such as the National Weather Service, U.S. Geological Survey, Soil Conservation
Service, among others

3. Files of state and local agencies such as State Highway Departments, Water Agencies and various planning
organizations

4. Other published reports and documents

Certain types of data are needed so frequently, that some Highway Departments have compiled them into a single
document, typically a Drainage Manual. Having data available in a single source greatly speeds up the retrieval of
needed data and also helps to standardize the hydrologic analysis of highway drainage design.

3.1.1 Site Investigations and Field Surveys

It must be remembered that every problem is unique and that reliance on rote application of a
standardized procedure, without due appreciation of the characteristics of the particular site is risky at
best. A field survey or site investigation should always be conducted except for the most preliminary
analysis or trivial designs. The field survey is one of the primary sources of hydrologic data.



The need for a field survey which appraises and collects site specific hydrologic and hydraulic data
cannot be overstated. The value of such a survey his been well documented by the American Association
of State Highway and Transportation Officials (AASHTO) Highway Drainage Guidelines and in Federal
Highway Administration (FHWA) policy documents and guidelines.

Typical data which are collected during a field survey include highwater marks, assessments of the
performance of nearby drainage structures, assessments of stream stability and scour potential, location
and nature of important physical and cultural features which could affect or be affected by the proposed
structure, significant changes in land use from those indicated on available topographic maps, and other
equally important and necessary items of information which could not be obtained from other sources.

In order to maximize the amount of data that results from a field site survey the following should be
standard procedure:

1. Individual in charge of the drainage aspects of the field site survey should have a general
knowledge of drainage design

2. Data collected should be well documented with written reports and photographs

3. Field site survey should be well planned and a systematic approach employed to maximize
efficiency and reduce wasted effort

The Federal-Aid Highway Programs Manual, 1974, contained a checklist for drainage studies and
reports. In 1982, revised guidance which replaces the original checklist was issued in accordance with
Executive Order 11988 for use in conducting studies for the evaluation of highway encroachments on
flood plains. The updated version of this guidance is reproduced in its entirety in Appendix B. This
checkilist is intended as a guideline of items normally considered for inclusion in studies and reports.
However, it is not inclusive and is not meant as a substitute for careful recording and documenting of
other important and/or unusual physical and hydrologic features observed by the site inspection team.

The field survey should be performed by highway personnel responsible for the actual design or can be
performed by the location survey team if they are well briefed and well prepared. Though the site survey
is considered of paramount importance, it is but one data source and must be augmented by additional

information from other reliable sources.

3.1.2 Sources of Other Data

An excellent source of data are the records and reports which other federal, state and municipal public
works agencies have published or maintain. Many such agencies have been active in drainage design
and construction and have data which can be very useful for a particular highway project. The designer
who is responsible for highway drainage design should become familiar with the various agencies which
are, or have been, active in an area. A working relationship with these agencies should be established,
either formally or informally, to exchange data for mutual benefit.

To aid in identifying possible sources of information from a few of the more active Federal agencies a list
of addresses and telephone numbers have been compiled and are included in Appendix C. The agencies
listed are the U.S. Army Corps of Engineers, the U.S. Geological Survey, the U.S. Soil Conservation
Service, the U.S. Forest Service, the Bureau of Reclamation, the Tennessee Valley Authority, the Federal
Emergency Management Agency, and the Environmental Protection Agency.

Historical records or accounts are another source of data which should never be overlooked by the
highway designer. Floods are noteworthy events and very often the occurrence of a flood and specific
information such as high water elevations are recorded. Sources of such information include newspapers,
magazines, State historical societies or universities, and publications by several Federal agencies.
Recent storms or flood events of historic proportion have been very thoroughly documented by the U.S.
Geological Survey (USGS), the Corps of Engineers and the National Weather Service (NWS). The
publications of interested sources can be used to define storm events that may have occurred in the area
of concern and their information should noted.



The sources of information and data referred to in the preceeding paragraphs may provide hydrologic
data in a form suitable for analysis by the highway designer. There are other sources of data which will
provide information of a more basic nature. An example is the data available from the USGS for the
network of stream gaging stations which this agency maintains throughout the country. This type of
information is the basis for any hydrologic study and the highway designer needs to know where to find it.
The information categories are:

1. Streamflow records
2. Precipitation records
3. Solil types

4. Land use

5. Other types of basic data needed for hydrologic analysis

3.1.2.1 Streamflow Data

The major source of streamflow information is the USGS, an agency charged with collecting and
disseminating this data. The USGS collects data at approximately 16,000 stream-gaging stations
nationwide. This data is compiled by the USGS and is published in Water Supply Papers and also added
to a data base called the Water Data Storage and Retrieval System or WATSTORE. WATSTORE is
accessible through the USGS District Offices, a list of which are included in Appendix C.

WATSTORE contains a Peak Flow File Retrieval Program, J980, which provides pertinent characteristics
of the station and drainage area and a listing of both peak annual and secondary floods by Water Year
(October through September). Table 2 is a sample J980 output for Station 08181500, Medina River at
San Antonio. The annual peaks from Program J980 are used in conjunction with the frequency analysis
program available through WATSTORE. The Peak flow data of Table 2 are also used subsequently in
Section 4 to illustrate various standard frequency distributions and as input to a frequency analysis
program contained in WATSTORE.

Also, the Corps of Engineers and the Bureau of Reclamation collect stream-flow data. These two
agencies along with the USGS together account for about 90 percent of the stream flow data that are
available in the United States. Other sources of data are local utility companies, water-intensive
industries and academic or research institutions.

Streamflow data is one of the types of data referenced by the National Water Data Exchange (NAWDEX).
NAWDEX is a nationwide confederation of water-oriented organizations working together to improve
access to water data. Their primary objective is to assist users of water data in the identification, location,
and acquisition of needed data. (NAWDEX will be described more fully later in this section.)

3.1.2.2 Precipitation Data

The major source of precipitation data is the National Weather Service (NWS). Precipitation and other
measurements are made at approximately 20,000 locations each day. The measurements are fed
through the Weather Service Forecast Offices (WSFO) which serve each of the 50 States, and Puerto
Rico.

Each WSFO uses this data and information obtained via satellite and other means, to forecast the
weather for its area of responsibility. In addition to the WSFOs, the Weather Service maintains a network
of River Forecast Centers (RFC). These River Forecast Centers prepare river and flood forecasts for
about 2500 communities. These two organizational units of the National Weather Service are an
excellent source of data and information.

Table 2. Sample Output, USGS Program J980 for Peak Flow Retrieval



WATSTORE PEAK FLOW FILE RETRIEVAL PGM. J980CRUN DATE: 19 JUL 84 14.57.58
PROGRAM LAST REVISED : 3 OCT 83 18.25.23

A PASSWORD WAS SUPPLIED ON EXEC CARD
*** EXPLANATION OF PEAK DATA CODES ******xx
DISCHARGE QUALIFICATION CODES:

1...DISCHARGE IS A MAXIMUM DAILY AVERAGE

2...DISCHARGE IS AN ESTIMATE

3...LARGE AFFECTED BY DAM FAILURE

4...DISCHARGE LESS THAN INDICATED VALUE, WHICH IS MINIMUM RECORDABLE DISCHARGE AT
THIS SITE

..DISCHARGE AFFECTED TO UNKNOWN DEGREE BY REGULATION OR DIVERSION
..DISCHARGE AFFECTED BY REGULATION OR DIVERSION

..DISCHARGE IS AN HISTORIC PEAK

..DISCHARGE ACTUALLY GREATER THAN INDICATED VALUE

..DISCHARGE DUE TO SNOWMELT, HURRICANE, ICE-JAM OR DEBRIS DAM BREAKUP
..YEAR OF OCCURRENCE IS UNKNOWN OR NOT EXACT

..MONTH OR DAY OF OCCURRENCE IS UNKNOWN OR NOT EXACT

...ALL OR PART OF THE RECORD AFFECTED BY URBANIZATION, MINING AGRICULTURAL
CHANGES, CHANNELIZATION, OR OTHER

D...BASE DISCHARGE CHANGED DURING THIS YEAR

E...ONLY ANNUAL MAXIMUM PEAK AVAILABLE FOR THIS YEAR

OWPO®NO O

GAGE HEIGHT QUALIFICATION CODES:

..GAGE HEIGHT AFFECTED BY BACKWATER

..GAGE HEIGHT NOT THE MAXIMUM FOR THE YEAR

..GAGE HEIGHT AT DIFFERENT SITE AND/OR DATUM

..GAGE HEIGHT BELOW MINIMUM RECORDABLE ELEVATION
..GAGE HEIGHT IS AN ESTIMATE

..GAGE DATUM CHANGED DURING THIS YEAR

ogkrwbE

*kk NOTES Kkkk

BASE DISCHARGE (IF REPORTED) MAY NOT BE EFFECTIVE FOR ENTIRE PERIOD OF RECORD; CURRENT
VALUE USED.

GAGE DATUM (IF REPORTED) MAY NOT BE EFFECTIVE FOR ENTIRE PERIOD OF RECORD; CURRENT VALUE
USED.

RETRIEVAL SPECIFICATIONS FOR REQUEST NUMBER 01 ARE AS FOLLOWS:
M CARD: M 01

PEAK FLOW RETRIEVAL NUMBER 01 IS FOR ALL WATER YEARS

THE FOLLOWING HAVE BEEN REQUESTED:

..... LONG FORMAT PRINTOUT

..... STANDARD RECORD FORMAT

NUMBER OF SITES RETRIEVED: 1
NUMBER OF RECORDS RETRIEVED: 43

END OF RETRIEVAL PROCESSING




STATION 08181500 MEDINA RIVER AT SAN ANTONIO, TEX.

AGENCY: USGS STATION LOCATOR

STATE: 48 LAT. LONG.

COUNTY: 029

DISTRICT: 48 291514 0982820

DRAINAGE AREA: 1317.00 SQ Ml

CONTRIBUTING DRAINAGE AREA: SQ Ml

GAGE DATUM: 439.00 (NGVD)

BASE DISCHARGE: 1500.00 CFS
WATER| DATE PEAK |DISCHARGE| GAGE |HIGHEST| MAX [DATE|GAGE |[NUMBER

YEAR DISCHARGE HEIGHT| SINCE
(CFS) CODES|PARTIAL

1940 06/30/40 |2540.00 6 15.97
1041 |02/02/40 |6890.00 6 22.93 2

11/01/40 |2350 00
04/28/41 (3140.00

1942 09/05/42 |17500.00 6 30.92 3
07/05/42 |3100.00
39/08/42 |7000.00
09/09/42 |5050.00

1943 10/18/42 112100 00 6 27.20 1
10/04/42 |3040.00

1944 08/28/44 |2000.00 6 13.33 0

1945 02/12/45 |3540.00 6 16.96 2

12/05/44 |2090.00
01/18/45 |2930.00

1946 08/29/46 (31800.00 6 1
09/27/46 |24800.00

|1947 |10/09/46 1470.00 6 12.57 0

|1948 |08/27/48 2050.00 6 14.58

1949 06/26/49 (17400.00 6 30.79

04/25/49 |2920.00

|1950 |10/25/49 5660.00 6 21.67 0
|1951 |05/16/51 2150.00 6 14.92 0
|1952 |09/12/52 801.00 6 9.11 0
1953 09/04/53 |4900.00 6 20.79 1

09/01/53 (2800.00
|1954 |04/08/54 865.00 6 9.53 0
|1955 |02/O6/55 1200.00 6 11.35 0
|1956 |09/01/56 |1750.00 6 16.37 0
1957 04/29/57 |5180.00 6 22.83 6

10/19/56 |2290.00 18.30

04/20/57 |2130.00 17.76

05/19/57 |1950.00 15.81

05/28/57 |3240.00 19.37

06/02/57 |3090.00 19.05

09/25/57 |2100.00 16.33
1958 05/03/58 |9220.00 6 27.79 4

10/22/57 |2250.00 16.80

02/22/58 |2470.00 17.47

09/21/58 (6000.00 24.00

09/24/58 |2250.00 16.75
|1959 |10/30/58 3350.00 6 19.56 0

|1960 |10/04/59 |3200.00 6 19.33 0




1961 07/23/61 |3050.00 6 17.92
10/29/60 |1750.00 16.16
06/20/61 |1630.00 14.23
1962 |10/26/61 3960.00 6 19.57
1963 |09/14/03 890.00 6 10.22
1964 10/25/63 |2140.00 6 15.84
03/19/64 |1570.00 13.80
06/17/64 |1960.00 15.74
1965 05/18/65 |5430.00 6 23.52
10/26/54 |1560.00 13.97
11/05/64 |3630.00 20.75
02/10/65 (1720.00 14.80
1966 12/04/65 |2160.00 |6 16.68
1967 09/22/67 |5480.00 |6 23.56
1968 01/18/68 (13100.00 6 28.56
01/21/68 |8040.30 24.67
05/12/68 |3220.00 19.44
1969 05/05/69 |2730.00 6 18.32
05/13/69 |1630.00 14.36
06/05/69 |1500.00 13.73
08/28/69 |2590.00 17.98
1970 05/15/70 |3360.00 6 19.71
05/31/70 |1830.00 15.23
1971 08/04/71 |2950.00 6 18.88
08/06/71 |2660.00 18.16
08/15/71 |2680.00 18.20
1972 05/08/72 |6360.00 6 23.15
10/22/71 |3300.00 19.60
05/11/72 |2200.00 16.63
05/13/72 |3320.00 19.65
1973 07/17/73 |31900.00 6 43.59
04/16/73 |2460.00 17.52
04/18/73 |2370.00 17.23
06/26/73 |2250.00 16.82
09/17/73 |9600.00 26.09
09/27/73 |16800.00 32.56
1974 08/31/74 |9680.00 6 26.18
10/12/73 |1700.00 14.66
10/14/73 |2450.00 17.49
10/16/73 |4560.00 21.40
08/08/74 |8050.00 24.72
1975 02/04/75 |4130.00 6 20.86
05/26/75 |2110.00 16.31
06/08/75 (1940.00 15.69
1976 05/08/76 |7510.00 6 23.48
04/19/76 (7280.00 23.20
05/13/76 |3040.00 17.03
05/26/76 |2900.00 16.56
1977 09/13/77 |4620.00 6 21.46
10/05/76 |1530.00 12.75
10/30/76 |4390.00 19.68
04/20/77 |3980.00 21.10
|1978 |08/04/78 9440.00 6 25.95
|1979 06/01/79 |4750.00 6 21.61
|1980 08/11/80 |1980.00 15.84
|1981 |06/14/81 14500.00 6 29.04
|1982 |05/17/82 8160.00 23.30
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A list of the six Regional National Weather Service Offices is included in Appendix C to assist the

highway engineer in obtaining data from the NWS. The National Weather Service is a part of the National




Oceanic and Atmospheric Administration (NOAA), and the data collected by the NWS and other
organizations within NOAA are sent to the Environmental Data and Information Service (EDIS). The EDIS
is charged with the responsibility of collecting, processing, and disseminating environmental data, and it
is an excellent source of basic data with which the designer should be familiar. An address for the
Environmental Data and Information Service is included in Appendix C.

3.1.2.3 Soil Type Data

Information on the type of soil which is characteristic of a particular region is often needed as a basic
input in hydrologic evaluations. The major source of soil information is the Soil Conservation Service
which is actively engaged in the classification and mapping of the soils across the country. Soil maps
have been or are being prepared for most of the counties in the country. The highway designer should
contact the SCS or county extension service to determine the availability of this data. A list of addresses
for State offices has been included in Appendix C.

3.1.2.4 Land Use Data

Land use data is available in different forms such as: topographic maps, aerial photographs, zoning
maps, and Landsat images. These different forms of data are available from many different sources such
as State, Regional or Municipal planning organizations, the U.S. Geological Survey and the Natural
Resource Economic Division, Water Branch, of the Department of Agriculture. The highway designer
should become familiar with the various planning or other land-use-related organizations within his
geographic area of interest, and the types of information which they collect, publish or record.

3.1:2.5 Miscellaneous Basic Data

Aerial photographs are an excellent source of hydrologic information and the Soil Conservation Service
and State Highway Departments are good sources of such photographs. Another source of aerial
photographs is the USGS, through the National Cartographic Information Center (NCIC). The NCIC
operates a national information service for U.S. cartographic and geographic data. They provide access
to a number of useful cartographic and photographic products. A few of these products are land-use and
land cover maps, orthophotoquads (black and white photo images in standard USGS quadrangle format),
aerial photographs covering the entire country, Landsat images (both standard and computer enhanced),
photo indexes showing the prints available for standard USGS quadrangles, and many other services
and products too numerous to list. The address of the NCIC is included in Appendix C.

Other types of basic data which might be needed for a hydrologic analysis include data on infiltration,
evaporation, geology, snowfall, solar radiation, and oceanography. Sources of these types of data are
scattered and the designer must rely upon his past experience or the experience of others to help locate
them. (In order to utilize the combined experience of others it is wise to develop strong working
relationships with other professionals active in the same geographic area). The Environmental Data and
Information Service (EDIS) is a good starting point for the collection of miscellaneous types of data.

3.1.2.6 National Water Data Exchange

As can be seen from the discussion above there are a number of different sources of hydrologic data. In
fact there are so many that just keeping track of them is an enormous job. It is for this reason that
NAWDEX (National Water Data Exchange) was founded. The primary objective of NAWDEX is to assist
users of water data in the identification, location, and acquisition of needed data. NAWDEX became
operational in 1976 and currently provides relatively easy access to vast amounts of water related data.

NAWDEX maintains two major files. The first is the WATER DATA SOURCES DIRECTORY which
identifies organizations which collect water data, locations within these organizations from which water
data may be obtained, the geographic area in which the organization collects water data, the types of



water data collected and available, and alternate sources from which the organization's water data may
be obtained. Information has been compiled for more than 660 organizations, and more will be added on
a continuing basis. The second major file is the MASTER WATER DATA INDEX which provides a
nation-wide indexing service of water data collection sites. Over 375,000 sites are indexed by geographic
locations, the data-collecting organization, the types of data available, the period of time for which the
data are available, the major water-data parameters for which data are available, the frequency of
measurement and the media in which the data are stored. The WATER DATA SOURCE DIRECTORY
and the MASTER WATER DATA INDEX contain common identifiers which allow them to be used
together. For example, the MASTER WATER DATA INDEX may be used to identify water data available
in a geographic area and the WATER DATA SOURCES DIRECTORY may then be used to obtain the
names and addresses of organizations from which the data may be obtained.

NAWDEX is maintained by the U.S. Geological Survey and access to NAWDEX is through a nationwide
network of 60 Assistance Centers. A current directory containing the names, addresses and telephone
numbers of all Assistance Centers is available from the NAWDEX Program Office. The address for the
NAWDEX Program Office is included in Appendix C.

Using the agencies mentioned above, the highway designer should have ample sources to begin
collecting the specific data needed. However, there is another source of information which the designer
will need. This is the broad collection of general information sources which are invaluable aids in
hydrologic analyses. Among them are general references such as textbooks, drainage or hydrology
manuals of State or Federal agencies, atlases, special reports and technical publications, journals of
professional societies, and university publications. It is essential that an adequate hydrologic library be
established and maintained so that the wealth of available information is easily accessed. It is equally
important that a systematic effort be made to keep abreast of new developments and methods which
could improve the accuracy or efficiency of hydrologic analyses.

3.2 Adequacy of Data

Once the needed hydrologic data has been collected, the next step is to compile the data into a usable format. The
designer must ascertain whether the data contain inconsistencies or other unexplained anomalies which might lead
to erroneous calculations or results. The main reason for analyzing the data is to draw all of the various pieces of
collected information together, and to fit them into a comprehensive and accurate representation of the hydrology at
a particular site.

Experience, knowledge, and judgment are an important part of data evaluation. It is in this phase that reliable data
must be separated from that which is not so reliable and historical data combined with that obtained from
measurements. The data must be evaluated for consistency and to identify any changes from established patterns.
At this time, any gaps in the data record should either be justified or filled in if possible. Some of the methods and
techniques discussed later in this manual are useful for this purpose. The methods of statistics can be of great value
in data analysis, but it must be emphasized that an underlying knowledge of hydrology is essential for prudent and
meaningful application of these statistical methods. It is also helpful to review previous studies and reports for types
and sources of data, how the data were used, and any indications of accuracy and reliability. Historical data should
be reviewed to determine whether significant changes have occurred in the watershed that might affect its hydrology
and whether these data can be used to possibly improve or extend the period of record.

Basic data, such as streamflow and precipitation, need to be evaluated for hydrologic homogeneity and summarized
before use. Maps, aerial photographs Landsat images, and land use studies should to be compared with one another
and with the results of the field survey so any inconsistencies can be resolved. General references should be
consulted to help define the hydrologic character of the site or region under study, and to aid in the analysis and
evaluation of data.

The results of this type of data evaluation should provide a description of the hydrology of the site within the allotted
time and the resources committed to this effort. Obviously, not every project will be the same, but the designer must
adequately define the parameters necessary to design the needed drainage structures to provide the required
reliability.




3.3 Presentation of Data and Analysis

If the data needs have been clearly identified, the results of the analysis can be readily summarized in an appropriate
manner and quickly used in the selected method of hydrologic analysis. The data needs of each method are different
so no single method of presenting the data will be applicable to all situations. However, there are a few methods of
hydrologic analysis which are used so frequently that standardized formats are appropriate. These will be illustrated
with examples in subsequent sections of this report.

3.3.1 Documentation

The results of the data collection and data evaluation phases must be documented in order to:
1. Provide a record of the data itself

2. Provide references to data which have not been incorporated into the record because of its volume
or for other reasons

3. Provide references for the methods of data analysis used
4. Document assumptions, recommendations and conclusions

5. Present the results in a form compatible with the analytical method utilized
6. Index the data and analysis for ease of retrieval

7. Provide support of expenditures of public funds by highway

It is always sound engineering practice to thoroughly document the work. The format, or method, used to
document the collected data or subsequent analysis should be standardized. In this way, those unfamiliar
with a specific project may readily refer to the needed information. This is especially important in those
States where there are several different offices or districts performing hydrologic analyses and design. It
is important that all of the data collected is either included in the documentation or adequately referenced
so that it may be quickly retrieved. This is true, whether or not the data were used in the subsequent
analysis, since it could be very useful in a future study.

It is important that all data analyses be presented in the documentation. If several different methods were
used, then each analysis should be reported and documented, even if the results were not included in the
final recommendations. Pertinent comments as to why certain results were either discounted or accepted
should be a part of the documentation.

All methods used should be referenced to a source such as a State drainage manual, textbook or other
publication. The edition, date and author (if known) of each reference should be included. It is helpful to
include a notation as to where a particular reference should be consulted. It is also helpful to identify
where a particular reference is available.

Perhaps the most important part of the documentation is the recording of assumptions, conclusions and
recommendations which are made during or as a result of the collection and analysis of the data. Since
hydrology is not an exact science, it is impossible to adequately collect and analyze hydrologic data
without using judgment and making some assumptions. By recording these subjective judgments, the
designer not only provides a more detailed and valuable record of his work, but the documentation will
prove invaluable to younger, less experienced, personnel who can be educated by exposure to the
judgment and experience of their peers.

3.3.2 Indexing

The value of the data collected and its subsequent analysis is greatly enhanced if the data can be
retrieved easily and used again in the future. In order for others to find previous studies which contain
usable information, it is necessary to positively identify and physically locate the studies. This process is



facilitated by a well thought out system of indexing the studies.

One of the best sources of data is the project files of the given Highway Department. Highway
Departments have been studying, designing and constructing drainage structures for many years. The
wealth of information which has been gathered and documented during previous work should be
consulted routinely whenever a new project is studied or designed.

In order to be of use, it is important that the highway project records and files be cross referenced to
facilitate their use as a data base for hydrologic studies. Frequently, project records are filed only by a
project number which is based on the source of financing and route number. This often makes it difficult
to retrieve the needed data. Some method of cross-referencing, which is keyed to a hydrologic index
such as the name of a river basin or a hydrologic unit map number, is desirable. The hydrologic unit map
number system was developed by the U.S. Geological Survey and utilizes a code consisting of from two
to eight digits based on four levels of classification. The first level divides the United States into 21 major
geographic regions and contains either a major river basin or the combined drainage areas of several
rivers. The second level divides the 21 regions.into 222 planning subregions, each including either the
area drained by a river system, a reach of river and its tributaries, or a closed basins or groups of streams
forming a coastal drainage area. The third level subdivides the planning subregions into 352 accounting
units which are used in managing the National Water Data Network. The fourth level is the cataloging unit
which represents all or part of a surface drainage area or distinct hydrologic feature. There are
approximately 2,150 cataloging units in the Nation. An example of a hydrologic unit code is 01080204,

where
01 Cregion
0108 Cplanning subregion

010802  Caccounting unit
01080204 Ccataloging unit

USGS Circular 848A provides a map of all the regions, planning regions and accounting units in the
United States and a list of all hydrologic unit codes including State and outlying areas. This hydrologic
unit code is identical to that used to define gaging stations; for example, the code for the Medina River at
San Antonio is given as 08181500 in Table 2.

If a system of documentation and indexing, such as that described above, is implemented and
maintained for several years, then the most valuable source of hydrologic data may always be the files of
one's own Highway Department.

Go to Section 4 (Part I)
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The estimation of peak discharges of various recurrence intervals is one of the most common problems faced by
highway engineers when designing for highway drainage structures. The problem can be divided into two
categories:

1. Gaged sites - the site is at or near a gaging station and the streamflow record is fairly complete and of
sufficient length to be used to provide estimates of peak discharges;

2. Ungaged sites - the site is not near a gaging station and no streamflow record is available.

Sites which are located at or near a gaging station but which have incomplete or very short records represent
special cases. For these situations, discharges are estimated either by supplementing or transposing data and
treating them as gaged sites; or by using regression equations or other synthetic methods applicable to ungaged
sites.

Depending on the availability of data for a given site, the specified preference for the method by which peak flows
are determined is as follows:

1. Statistical analysis of gaged data
2. U.S. Geological Survey regional or other regression equations for engaged watersheds

3. Other synthetic methods including the Index Flood method and the Rational Formula

This section of the manual is concerned primarily with the statistical analysis of gaged data. Appropriate solution
techniques are presented and the assumptions and limitations of each are discussed. Regional regression
equations and other synthetic methods applicable to unpaged sites are covered in Section 5.

4.1 Basins with Adequate Data

The U.S. Geological Survey (USGS) is the leading agency in the collection of flood data and the maintenance of
systematic peak discharge information. These data are reported in USGS Water Supply Papers, Annual Surface
Water Records and computer files. Other federal, state, and local agencies identified in Appendix C maintain

annual peak flow records which are available in published and unpublished form.

Analysis of gaged data permits an estimate of the peak discharge in terms of its probability or frequency of
occurrence at a given site. This is done by statistical methods provided sufficient data are available at the site to
permit a meaningful statistical analysis to be made. Water Resources Council Bulletin 17B, 1981, suggests at
least 10 years of record are necessary to warrant a statistical analysis by methods presented therein. The USGS
at one time recommended that the period of record should be at least one-half the frequency of the design flow. In
other words, if a 50-year design storm is desired, the period of record should be at least 25 years long. Based on
further analyses and experience and the recognition that many stations do not have sufficient records, the USGS
in 1973, relaxed this criteria to the following:

« The 10-Year Design Period Flood needs 10 years of record.

« The 25-Year Design Period Flood needs 15 years of record.

« The 50-Year Design Period Flood needs 20 years of record.



« The 100-Year Design Period Flood needs 25 years of record.

Although these guidelines were conservative, they have again been relaxed, and today, the USGS has no
specified criteria for flood frequency determinations.

At some sites, there may be historical data on large floods prior to or after the period over which streamflow data
were collected. This information ran be collected from inquiries, newspaper accounts and from field surveys for
highwater marks. Whenever possible, these data should be compiled and documented to improve on frequency
estimates.

4.2 Statistical Character of Floods

This section serves to introduce the designer to those fundamental statistical concepts for the determination of
peak flows. Statistical analysis is simply a systematic way of looking at data. Through the use of the methods of
statistical analysis, the salient features of the data are quantified, thereby allowing the data to be generalized. It is
also possible to use the methods of statistical analysis to predict future events based on the character of the past
data

Fundamental to statistical analysis are the concepts of populations and samples. A population which may be
either finite or infinite is defined as the entire collection of all possible occurrences of a given quantity. An example
of a finite population is the number of possible outcomes of the throw of the dice, a fixed number. An example of
an infinite population is the number of different peak annual discharges possible for a given stream.

A sample is defined as part of a population. In all practical instances, hydrologic data are analyzed as a sample of
an infinite population, and it is usually assumed that the sample is representative of its parent population. By
representative, it is meant that the characteristics of the sample, such as its measures of central tendency and its
frequency distribution, are the same as that of the parent population. There is an entire branch of statistics which
deals with the inference of population characteristics and parameters from the characteristics of samples. The
techniques of inferential statistics, which is the name of this branch of statistics, are very useful in the analysis of
hydrologic data because samples are used to predict the characteristics of the populations. Not only will the
techniques of inferential statistics allow estimates of the characteristics of the population from samples, but they
also permit the evaluation of the reliability or accuracy of the estimates.

Once data has been collected it must be analyzed. The collection of data was covered in Section 3; the statistical

analysis of the data is the subject of this section. There are several methods available for the analysis of data and
these will be discussed below. For illustration, actual peak flow data will be analyzed by each of the methods
presented.

Before analyzing data it is necessary that it be arranged in a systematic manner. Data can be arranged in a
number of ways depending on the specific characteristics that are to be examined. An arrangement of data by a
specific characteristic is called a distribution or a series. Some common types of data groupings are the following:

1. Magnitude

2. Time of Occurrence

3. Geographic Location

4.2.1 Arrangement by Magnitude

The most common arrangement of hydrologic data is by magnitude of the annual peak discharge.
This arrangement is called an Annual Series. As an example of an Annual Series, the 29 annual peak
discharges for Mono Creek near Vermilion Valley, California are listed and ordered according to
magnitude and recurrence interval in Table 3.

Another method used in flood data arrangement is the Partial Duration Series, sometimes referred to



as the Basic Stage Method. This procedure uses all peak flows above some base value. For example,
the Partial Duration Series may consider all flows above the lowest annual peak flow as a base. Over
a 20-year period of record, this may yield thirty or more floods compared to twenty floods in the

Annual Series. Figure 16 illustrates a portion of the record for Mono Creek containing both the highest

annual floods and large secondary floods.

If these floods are ordered in the same manner as in an Annual Series, they can be plotted as
illustrated in Figure 17. By separating out the peak annual flows, the two series can be compared as

also shown in Figure 17 where it is seen that for a given order, m, the Partial Duration Series yields a

higher peak flow than the Annual Series. The difference is greatest at the lower flows and becomes
very small at the higher peak discharges. If the recurrence interval of these peak flows is computed as
the order divided by the number of events (not years), the recurrence interval of the Partial Mention
Series can be computed in the terms of the Annual Series by the equation

1
ol
e R A

(4-1)

where TB and TA are the recurrence intervals of the Partial Duration Series and Annual Series
respectively. Equation (4-1) can also be plotted as shown in Figure 18.

Table 3. Arrangement of Flood Data by Magnitude, Mono Creek, CA

Basin: Mono CreekCnear Vermilion Valley, California, South Fork of San Joaquin River Basin
Location: Latitude 37° 22' 00", Longitude 118° 59' 20"Cone mile downstream from lower end of
Vermilion Valley and 6 miles downstream from North Fork.
Area: 92 square miles
Remarks: No diversion or regulation
Record: 1922n1950, 29 years (no data adjustments)

Q, arranged in Recurrencelnterval =

order of order
magnitude Yearsof Record

| 1922 ’ 1390 | 1760 | 1 ] .0344
| 23 | 940 | 1440 | ] .0690
| 24 | 488 | 1420 | 3 ] 1034
| 1925 ’ 1060 | 1420 | 4 ’ 1379
| 26 | 1030 | 1420 | 5 1724
| 27 | 1420 ] 1390 | 6 .2069
’ 28 | 1110 | 1370 | 7 ’ 2414
| 29 | 750 | 1350 | 8 ] 2759
| 1930 | 848 | 1230 | 9 ] 3103
| 31 | 525 ] 1210 | 10 ’ .3448
| 32 | 1420 | 1170 | 11 3793
| 33 | 1350 ] 1130 | 12 4138
] 34] 404| 1110| 13 4483
| 1935 | 1230 | 1100 | 14 ’ 4828
| 36 ] 1060 | 1060 | 15 ’ 5172
| 37 | 1210 | 1060 | 16 ’ 5517
| 38 | 1760 | 1030 | 17 ’ 5862
| 39 | 540 | 988 | 18 ’ .6207




1940| 1130| 940| 19’ .6552
41| 1420| 916| 20’ .6897
42| 1170| 910| 21 7241
43| 1440| 855| 22 .7586
44 855 848 23 7931

1945 1370 838 24 .8276
46 910 750 25’ .8621
47| 988 540 26’ .8966
48| 938| 525| 27’ .9310
49| 916| 488| 28 .9655

1950 1100 404 29 1.0000
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Figure 16. Peak Annual and Other Large Secondary Flows, Mono Creek, CA
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Figure 18. Relation Between Annual and Partial Duration Series

This curve shows that the maximum deviation between the two series occurs for flows with recurrence
intervals less than 10 years. At this interval the deviation is about 5 percent and for the 5-year
discharge, the deviation is about 10 percent. For the less frequent floods, the two series approach
one another, see Table 4 below.

The Partial Duration Series is most useful for determining floods with intervals less than 10 years and
for making economic analyses and subsequent risk evaluations. It is sometimes difficult to obtain data
on secondary floods and it is often necessary to have stage data in order to determine the peak flows
for events less severe than the peak annual flood.

Table 4. Comparison of Annual and Partial Duration Curves

Annual-event curve
(No. of years flow is
exceeded per hundred

Partial-duration curve
(No. of times flow is exceeded

per hundred years)

years)

1.00 1.00
2.00 2.02
5.00 5.10
10.00 10.50
20.00 22.30
30.00 35.60
40.00 51.00
50.00 69.30
60.00 91.70
63.20 100.00
70.00 120.00
80.00 161.00
90.00 230.00




| 95.00 | 300.00 |

from Beard, 1962

When using the Partial Duration Series, one must be especially careful that the selected flood peaks
are independent events. This is a tough practical problem since secondary flood peaks may occur
during the same flood as a result of high antecedent moisture conditions. In this case, the secondary
flood is not an independent event. One should also be cautious with the choice of the lower limit or
base flood since it directly affects the computation of the properties of the distribution (i.e. the mean
value, the variance and standard deviation and the coefficient of skew) all of which may change the
peak flow determinations. For this reason it is probably best to utilize the Annual Series and convert
the results to a Partial Duration Series through use of Equation (4-1). For the less frequent events,

(greater than 5 to 10 years), the Annual Series is entirely appropriate and no other analysis is
required.

4.2.2 Arrangement by Time of Occurrence

Another way to arrange data is according to its time of occurrence. Such an arrangement is called a
time series. As an example of a time series the same 29 years of data presented in Table 3, are

arranged according to year of occurrence rather than magnitude and plotted in Figure 19.

This time series shows the temporal variation of the data and is an important step in data analysis.
The analysis of time variations is called trend analysis and there are several methods which are used
in trend analysis. The two most commonly used in hydrologic analysis are the moving average
method and the methods of curve fitting. The various methods of curve fitting are discussed in more
detail in the reference by Sanders, 1980. The method of moving averages is presented here. In the
moving average method, the trend is analyzed by taking a succession of averages for a certain
number of items. This succession of averages will tend to smooth out variations, and a better picture
of the trend is provided. To illustrate the use of the moving average method, the 5-year moving
average for the 29 years of data on Mono Creek has been computed in Table 5 and plotted in Figure

20.
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Figure 19. Time Series, Mono Creek, CA

Trend analysis plays an important role in evaluating the effects of changing land use and other time
dependent parameters. Often through the use of trend analysis, future events can be estimated more
rationally.

4.2.3 Arrangement by Geographic Location

The primary purpose of arranging flood data by geographic area is to develop a data base for the
analysis of peak flows at sites that are either ungaged or have insufficient data. Classically, flood data
are grouped for basins with similar meteorologic and physiographic characteristics. Meteorologically,
this means that floods are caused by storms with similar type rainfall intensities, durations,
distributions, shapes, travel directions, and other climatic conditions. Similarity of physiographic
features means that basin slopes, shapes, stream density, ground cover, geology and hydrologic
abstractions are similar among different watersheds.

Table 5. Computation of 5-Year Moving Average of Peak Flows, Mono Creek, CA

Year Floods 5 year Year Floods 5 year
Q~cfs peak avg. Q cfs peak avg.

1922 1390 [ 1051 |

1760 1133
24 480 39 540 1160
1925 1060 1940 1130 1140
26 1030 982 41 1420 1212
27 1420 988 42 1170 1204
28 1110 1022 43 1440 1140
29 750 1074 44 855 1203
1930 848 1032 1945 1370 1251
31 525 931 46 910 1149
32 1420 931 47 988 1113
33 1350 979 48 838 992
34 404 909 49 916 1004
1935 1230 986 1950 1100 950
36 1060 1093
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Figure 20. 5-Year Moving Average, Mono Creek, CA

Some of these parameters are described quantitatively in a variety of ways while others are totally
subjective. Therefore, there can be considerable variation in estimates of watershed similarity in a
geographical area. From a quantitative standpoint, it is preferable to consider the properties which
describe the distribution of floods from different watersheds. These properties, which are described
more fully in later parts of this section, include variance, standard deviation and coefficient of skew.
Other tests can be used to test for hydrologic homogeneity such as the runoff per unit of drainage
area, the ratio of various frequency floods to average floods, the standard error of estimate and
deviates from regression analyses. The latter techniques are typical of those used to establish
geographic areas for regional regression equations and other regional procedures for peak flow
estimates.

4.2.4 Probabilistic Concepts

The statistical analysis of repeated observations of an event, e.g. observations of peak annual flows,
is based on the laws of probability. The probability of occurrence of a single peak flow, Q4, is the

relative number of occurrences of Q; after a long series of observations, i.e.

Ny _ Mumber of occurrences of some flood (4-2)

PriQyp=—
Qi) f Murmber of observationsiif large)

where n, is defined as the frequency and n,/n is the relative frequency of Q,.

Most people have an intuitive grasp of the concept of probability. They know that if a coin is tossed,
there is an equal probability that a head or a tail will result. They know this because there are only two
possible outcomes and that each is equally likely. Again, relying on past experience or intuition, when
a fair die is tossed, there are six equally likely outcomes, any of the numbers 1, 2, 3, 4, 5, or 6. Each
has a probability of occurrence of 1/6. So the chances that the number 3 will result from a single throw
is 1 out 6. This is fairly straightforward because all of the possible outcomes are known beforehand
and the probabilities can be readily quantified.

On the other hand, the probability of a nonoccurrence (or failure) of event such as peak flow, Q, is
given by



R Sl 5 gk (4-3)
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Pr{not Q} =

Combining Equation (4-2) and Equation (4-3) it is seen that
Pr{c} =Pr{notQq} =1 (4-4)

or that the probability of an event occurring is between 0 and 1, i.e. 0.< pr {Q,} <1. If an event is
certain to occur, its probability is 1, and if it cannot occur at all, its probability is O.

Given two independent flows Q; andQ,, the probability of the successive or simultaneous occurrence
of both Q; and Q is given by

Pr{QqandQs} =Pr{Qq} Pr{Q,} (4-5)

If the occurrence of a flow Q4 excludes the occurrence of another flow Q,, then the two events are
said to be mutually exclusive. The probability of occurrence of either Q4 or Q, is given by

Pr {Qqor Qa1 = Pr{Qq} +Pr {Q;} (4-6)

4.2.5 Return Period

If the probability of a given annual peak flow, Q, or its relative frequency determined from Equation
(4-2) is 0.2, this means there is an equal chance of 20 percent that this flood over a long period of

time will be exceeded in each year. Stated another way, this flood will be exceeded on an average of
once every 5 years. This is called the return period or recurrence interval.

The return period, Tr, is given by
1

N o 73

The designer is cautioned to remember that a flood with a return period of 5 years does not mean this
flood will occur once every five years. As noted, the flood has a 20 percent probability of occurring in
any year, and there is no preclusion of the 5-year flood occurring in several consecutive years.

The same is true for any flood of specified return period.

4.2.6 Risk

The probability of nonoccurrence of Q4, Equation (4-3), can now be written, in terms of the return
period, as

i
Tr

The probability that Q; will not occur for n successive years is given by Equation (4-8) as

Prinot Q. =1-Pr{Q,} = 1- (4-8)

M
Pr, {not Qq}xPry {not Qq} x...x Pr,{ Q)= Pr{not Q,}" = [1—T1—r] (4-9)

Risk, R, is defined as the probability that Q, will occur at least once in n years, or



il
R =1-Pr{notQ,}" =1_[1_'I:]_r] (4-10)

Equation (4-10) can be used to calculate Table 6 which gives the risk of failure as a function of project
design life, n, and the design return period, Tr.

The use of Equation (4-10) or Table 6 is illustrated by the following example. What is the risk that a

design flood will be equaled or exceeded in the first two years on a frontage road culvert designed for
a 10-year flood? From Equation (4-10), the risk is calculated as

7 U 1}
= 1 P G R W ) VS B (4-10a)
(o] =i o]

In other words, there is about a 20 percent chance this structure will be subject to the 10-year design
storm in the first two years of its life.

The use of Risk Analysis and the relations cited in this section are discussed in more detail in Section
9 of this manual.

4.2.7 Frequency Distribution Concepts

The typical problem faced in hydrology involves situations where all possible floods (or outcomes) are
unknown. In order to address the question of the probability of a certain flood from a sample of an
infinite population, actual data form the basis for the statistical analysis of some future flood event.

Table 6. Risk as a Function of Project Life and Return Period

Permissible risk Project life in years (n)

of failure (R)

Required return period (1/P)=Tr (years)

0.01

0.25 4 87 175 345
0.50 2 37 72 145
0.75 1.3 18 37 172
0.99 1.01 6 11 27

To facilitate an analysis of this type, the concepts of frequency distributions are utilized. A frequency
distribution is simply an arrangement of data by classes or categories with associated frequencies of
each class. The frequency distribution can then be used to obtain information on the magnitude of
past events, as well as how often events of a specified magnitude have occurred.

A frequency distribution is constructed by first examining the range of magnitudes, i.e. the difference
between the largest and the smallest-floods, and dividing this range into a number of conveniently
sized groups, usually between 10 and 20. These groups are called class intervals. The size of the
class interval is simply the range divided by the number of class intervals selected. There is no hard
and fast rule concerning the number of class intervals to select, but the following guidelines may be
helpful.

1. The class intervals should not overlap; 0n99, 100n199, etc., should be used in preference to
0On100, 100n200, etc.

2. The number of class intervals should be chosen so that there are not too many class intervals
which do not have any events.



3. The class intervals should be of uniform size.

Using these rules, the discharges for Mono Creek listed in Table 3 are arranged according to class
intervals as shown in Table 7 below.

This data can also be represented graphically by a Frequency Histogram as shown in Figure 21.

Since relative frequency has been defined as the number of occurrences of a certain class of events
divided by the period of record, this curve also represents Pr{Q} as shown on the right hand ordinate

of Figure 21.
Table 7. Arrangement of Flood Data by Class Intervals, Mono Creek, CA

Mean Annual Number of | No. Times Equaled Relative Cumulative
Flow Occurrences or Exceeded Frequency Frequency

W—T—

200n399 0 200n29

400n599 4 400n29 .14 .14
600n799 1 600n25 .03 A7
800n999 7 800n24 24 41
1000n1199 7 1000n17 24 .65
1200n1399 5 1200n10 A7 .82
1400n1599 4 1400n5 14 .96
1600n1799 1 1600n1 .03 .99

From this Frequency Histogram, several features of the data can now be illustrated. Notice that there
are some magnitudes which have occurred more frequently than others; also notice that the data is
somewhat spread out and that it is not symmetrical. These are features of every frequency distribution
and they have special names and means of measurement.

4.2.7.1 Central Tendency

The clustering of the data about particular magnitudes is known as central tendency, of which there
are a number of measures. The most frequently used is the average or the mean value. The mean
value is calculated by summing all of the individual values of the data and dividing the total by the
number of individual data values as shown by Equation (4-11)

f
2.9 (4-11)

@=|—1
M

The symbol [y is used for an average or mean flow. The symbol, &, means summation of all flow

values between the two indicated values of the indices (1 and n in the case above). Another measure
of central tendency used is the median. The median is the value of the middle item when the items are
arranged according to magnitude. When there are an even number of items, the median is taken as
the average of the values of the two central items. Still another measure of central tendency which is
sometimes used is the mode. The mode is the most frequent or most common value which occurs in a
set of data.
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Figure 21. Flood Frequency Histogram, Mono Creek, CA

4.2.7.2 Variability

The spread of the data is called dispersion and it also has measures. The most commonly used
measure of dispersion is the standard deviation. The standard deviation, S, is defined as the square
root of the mean square of the deviations from the average value. This is shown symbolically as

S [@i "51]2 > [%"‘]2 (4-12)

i1 _ i

S:
7] i)

The second expression on the right hand side of Equation (4-12) is often used to facilitate and
improve on the accuracy of hand calculations.

Another measure of dispersion of the flood data is the variance, or simply the standard deviation
squared. A measure of relative dispersion is the co-efficient of variance, V, or the standard deviation
divided by the mean flow.

W = (4-13)

Ol W

4.2.7.3 Skewness

The symmetry of the frequency distribution, or more accurately the asymmetry, is called skewness.
The measure of skew is the coefficient of skewness, G. The skew coefficient is calculated by Equation

(4-14)
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where all symbols are as previously defined. Again, the second expression on the right hand side of
the equation is for ease of hand computations.

If the frequency distribution were perfectly symmetrical, the coefficient of skew would be zero. If the
distribution were to have a longer "tail" to the right of the central maximum than to the left, the
distribution would have a positive skewness and G would be positive. If the longer tail were to the left
of the central maximum, then the distribution would have a negative coefficient of skew.

Table 8 illustrates the computation of measures of central tendency, standard deviation, variance and
coefficient of skew for the Mono Creek Frequency Distribution shown in Figure 21. Computed values
of the mean and standard deviation are also identified in Figure 21.

Table 8 shows that the mean value of the sample of floods is 1057.6 AS (30.0 CMS), the standard
deviation is 327.3 CFS (9.3 CMS) and the coefficient of variance is 0.309. The coefficient of skew is
-0.151 meaning the distribution is skewed negatively to the left. For the flow data in Table 8, the
median value is 1060 CFS (30 CMS) and the most frequent value, or mode is 1420 CFS (40 CMS) .

The three main characteristics of the frequency distribution, mean, standard deviation and coefficient
of skew are very important parameters and will be used many times in subsequent sections of this
manual.

4.2.8 Probability Distribution Functions

If the frequency distribution histogram from a very large population of floods were constructed, it
would be possible to define very small class intervals and still have a number of events in each
interval. Under these conditions the frequency distribution histogram would approach a smooth curve
as shown in Figure 22.

Table 8. Computation of Statistical Characteristics of Mono Creek, CA

| 1922 ] 1390 ] 1760 1 ] 1.669 ] 0.669 0.447 ] 0.2990
| 23 ] 940 ] 1440 2 ] 1.362 ] 0.362 0.131 ] 0.0475
| 24 ] 488 ] 1420 3 ] 1.345 ] 0.345 0.119 ] 0.0410
| 1925 ] 1060 ] 1420 4 ] 1.345 ] 0.345 0.119 ] 0.0410
| 26 1030 ] 1420 5 ] 1.345 ] 0.345 0.119 0.0410
| 27 1420 ] 1390 6 ] 1.318 ] 0.318 0.101 0.0321
| 28 1110 1370 7 ] 1.299 | 0.299 0.0895 0.0268
| 29 750 1350 8 ] 1.279 | 0.279 0.0778 0.0217
| 1930 848 1230 ] 9 ] 1.165 | 0.165 ] 0.0272 0.0045
| 31 525 1210 ] 10 ] 1.148 | 0.148 ] 0.0219 0.0032
| 32 1420 1170 ] 11 ] 1.109 | 0.109 ] 0.0119 0.0013
| 33 1350 1130 ] 12 ] 1.070 | 0.070 ] 0.0049 0.0003




34 404 1110 ] 13 ]1.051] 0.051 0.0026 0.0001
1935 1230 1100 14 ]1.041] 0.041 0.0017 0.0001
36 1060 1060 15 ]1.003] 0.003 ~0 ~0
37 1210 1060 16 ]1.003 0.003 ~0 ~0
38 1760 1030 17 ]o.975 -0.025 0.0006 ~0
| 39 540 988 18 ]o.935 -0.065 0.0042 -0.0003
| 1940 1130 940 19 ’0.890 -0.110 0.0121 -0.0013
| 41 1420 916 20 ’0.869 -0.131 0.0172 -0.0023
| 42 1170 910 21 ]o.861 -0.139 0.0193 -0.0027
| 43 1440 855 22 ’0.810 -0.190 0.0361 -0.0069
| 44 855 848 23 ’0.804 -0.196 0.0384 -0.0075
| 1945 1370 838 24 ]o.794 -0.206 0.0425 -0.0088
| 46 910 750 25 ]o.710 -0.290 0.0841 -0.0244
| 47 988 540 26 ]o.511 -0.489 0.2390 -0.1170
48 838 525 27 ]o.497 -9.503 0.2530 -0.1272
49 916 ] 488 28 ]o.462] -0.538 0.2900 -0.1560
1950 1100 ] 404 ] 29 ]o.382] -0.618 0.3720 -0.2300
TOTALS | 30,672 2.682 -0.1248
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Figure 22. Probability Density Function
This curve is called the Probability Density Function, f(Q), and is defined such that

mef((ﬁ) da =1 (4-15)

This equation is a mathematical statement that the sum of the probabilities of all events is equal to
unity. From Equation (4-15), two conditions of hydrologic probability are readily illustrated from the
Probability Density Function. Figure 23a shows that the probability of a flow Q falling between two
known flows, Q; and Q,, is the area under the Probability Density Curve between Q; and Q.

Figure 23b shows the probability that a flood Q exceeds Q; is the are under the curve from Q; to
infinity.

As can be seen from Figures 23a and 23b, the calculation for probability from the frequency
distribution function is somewhat tedious. A further refinement of the frequency distribution is the
Cumulative Frequency Distribution. The flood data presented in Table 7 can be used to illustrate the
development of a cumulative frequency distribution which is simply the cumulative total of the relative
frequencies by class interval. For each range of flows, Column 3 of the Table defines the number of
times floods equal or exceed the lower limit of the class interval and Column 5 gives the cumulative
frequency. Using the cumulative frequency distribution it is possible to compute directly the
nonexceedance probability for a given magnitude. The nonexceedence probability is defined as the
probability that the specified value will not be exceeded. This is an often used probability in hydrologic
data analysis. The Cumulative Frequency Histogram for the Mono Creek, CA data is shown in Figure
24.
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Figure 23. Hydrologic Probability from Density Functions
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Figure 24. Cumulative Frequency Histogram, Mono Creek, CA

Again, if the sample were very large so that small class intervals could be defined, the histogram
becomes a smooth curve which is defined as the Cumulative Probability Functions, F(Q), and shown
in Figure 25a. This figure is actually a plot of the area under the curve (the sum of the probabilities) of
Figure 22 and defines the probability that the flow will be less than some stated value.
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Figure 25. Cumulative and Complementary Cumulative Functions

Another convenient representation for hydrologic analysis is the Complementary Probability Function,
G(Q), defined as

G(Q)=1-F(Q =Pr{Q > 4} (4-16)

The function, G(Q), shown in Figure 25b is the exceedance probability, i.e. the number of times a flow
of a given magnitude is equaled or exceeded.

4.3 Standard Frequency Distributions

Several frequency distributions keep recurring in the analysis of hydrologic data, and as a result they have been
studied extensively and are now standardized. The standard frequency distributions which have been found most
useful in hydrologic data analysis are:

1. the normal distribution

2. the log-normal distribution



3. the Gumbel extreme value distribution

4. the log-Pearson Type lllI distribution

The characteristics and application of each of these distributions will be presented in the following sections.

4.3.1 Plotting Position

The application of standard frequency distributions is dependent on the probability position assigned
to each flow. This probability position is commonly called the plotting position; and as will be seen in

the following discussions, it defines where on the probability scale of probability graph paper, a given
flow is plotted.

One such plotting position has already been defined by Equation (4-2) as the relative frequency.
There are, however, a number of different formulas that have been proposed for plotting position and
there is no unanimity on the preferred method. Beard, 1962, illustrates the nature of this problem. If a
very long period of record, say 2000 years, is broken up into 100 20-year records and each is
analyzed separately, then the highest flood in each of these 20-year records will have the same
probability of occurrence of 0.05. Actually, one of these 100 highest floods is the 1 in 2000 year flood
or a flood with a probability of occurrence of 0.0005. Some of the records will also contain 100-year
floods and many will contain floods in excess of the 20-year flood. Similarly some of the 20-year
records will contain highest floods that are less than the actual 20-year flood. Thus, the problem is to
select a plotting position so that the general trend of the data will agree reasonably well with the
selected frequency distribution.

Variation in plotting position formulas results from adjusting the probabilities of the various floods in
the sample to its central tendency characteristics. For example, the probabilities can be adjusted to
the median flow by the formula, (Beard, 1962)

P=1-(05"" Gratl,

where P is the plotting position for the largest event and n is the number of years of record. The
plotting position for the smallest flood is the complement of Equation (4-17) and all intermediate

values are linearly Interpolated. Equation (4-17) will tend to give probabilities that are too high for half
the data and too low for the other half.

Plotting position, P, can also be corrected to the mean flow by the Weibull Formula

P = i (4-18)
n+1

where m is the rank and n is the number of years of record. Equation (4-18) is one of the more

commonly accepted formulas and will be used in subsequent discussions and examples. For the
Partial-Duration Series where the number of floods exceeds the number of years of record, Beard,
1962, recommends

P=2m—’1
21

where m is the order number of the event.

(4-19)

4.3.2 Normal Distribution

The normal or Gaussian distribution is a classical mathematical distribution occurring in the analysis of
natural phenomena. The normal distribution is a symmetrical, unbounded, bell-shaped curve with the



maximum value at the central point and extending from - = to + . A typical normal distribution is
shown in Figure 26.

For the normal distribution, the maximum central value occurs at the mean flow. Because of absolute
symmetry, half of the flows are below the mean and half are above. Therefore, the median
corresponds to the mean value. Another characteristic of the normal distribution curve is that 68.3
percent of the events will fall between tone standard deviation, 95 percent of the events will fall within
+2S, and 99.7 percent will fall within £3S.

f Q)
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Figure 26. Normal Distribution Curve

The coefficient of skew is zero. The function describing the normal distribution curve is

_[e-a@)y
Lirizace (4-20)
S 2=

Note that only two parameters are necessary to describe the normal distributionCthe mean value, a0

F(Q) =

and the standard deviation, S.

As noted in Section 4.2.8, the cumulative frequency distribution, or the integral of Equation (4-20) is

more convenient for hydrologic analysis since it permits the exceedance frequency to be related
directly to flow. Values of the cumulative distribution function or the integral of Equation (4-20) are

tabulated in abbreviated form for selected exceedance probabilities in Table 9 for the normal
distribution at zero skew.

In order to further facilitate the analysis of data, special arithmetic probability paper, available
commercially, has been developed which has a specially transformed horizontal probability scale. The
horizontal scale is transformed in such a way that the cumulative distribution function for a normal
distribution will plot as a straight line. If a series of peak flows that are normally distributed are plotted
against the cumulative frequency function or the exceedance frequency on the probability scale, the
data will plot as a straight line with the equation

Q=0+KS (4-21)

where Q is the flood flow at a specified frequency and K is the value in Equation (4-20) taken from
Table 9.

Table 9. Cumulative Distribution Function for Normal Distribution

Exceedance Probability in %
Coef. ] 50.0 ] 20.0 | 10.0 | 4.0 ] 2.0 ] 1.0 ] 0.2




of Skew Corresponding Return Period in Years
’ 2 | 5 ’ 10 ’ 25 ’ 50 ’ 100 ’ 500
| 0.0000 | 0.8416 ’ 1.2816 ’ 1.7507 ’ 2.0538 ’ 2.3264 ’ 2.8782

’ 0.0

To illustrate the use of Equation (4-21) and probability paper, consider the data of Table 10. These
data are the annual peak floods for the Medina River near San Antonio, Texas for the period
1940Nn1982 (43 years of record). Table 10 shows the calculations of the mean flow, standard deviation
and coefficient of skew for these data in acccordance with Equation (4-11), Equation (4-12), Equation
(4-13) and Equation (4-14). Assuming the data are normally distributed, the 10- and 100-year floods
are computed from Equation (4-21) as shown in Figure 27. The 10-year flood is 15,672 CFS (443.8
EMS) and the 100-year flood is 23,058 CFS (653.0 CMS). When plotted on arithmetic probability
paper, these two points are sufficient to establish the straight line on Figure 27 represented by

Equation (4-21).

Also plotted in Figure 27 are the actual data. The correspondence between the normal frequency

curve and the actual data is poor. Obviously, the data are not normally distributed. This, however, was
known beforehand (Table 10) where the data was found to have a definite right skew (G = 2.273).

Another disadvantage of the normal distribution is that it is unbounded in the negative direction
whereas most hydrologic variables are bounded and can never be less than zero. For this reason and
the fact that many hydrologic variables exhibit a pronounced skew, the normal distribution usually has
limited applications. However, these problems can sometimes be overcome by performing a log
transformation of the data. Often the logarithms of hydrologic variables are normally distributed.

4.3.3 Log-Normal Distribution

The log-normal distribution has the same characteristics as the normal distribution except that the
independent variable, Q, is replaced with its logarithm. The characteristics of the log-normal
distribution are that it is bounded on the left by zero and it has a pronounced positive skew. These are
both characteristics of many of the frequency distributions which result from an analysis of hydrologic
data.

If a logarithmic transformation is performed on the normal distribution function, Equation (4-20), the

resulting logarithmic distribution is often normally distributed. This enables the K values tabulated in
Table 9 for a normal distribution to be used in a log-normal frequency analysis when G, the skew

coefficient of the log-transformed flows, is zero. For skewed logarithmic distributions, Table 11 can be
used to obtain appropriate K values.

As was the case with the simple normal distribution, a standard log-normal probability paper has been
developed, where the plot of the cumulative distribution function is a straight line. This paper which is

also available commercially, has a transformed horizontal scale based upon the probability function of
the normal distribution and a logarithmic vertical scale. If the logarithms of the peak flows are normally
distributed, the data will plot as a straight line on log-probability graph paper according to the equation

log G = QL +KS, (4-22)

where oL Is the average of the logarithms of Q and S, is the standard deviation of the logarithmic

distribution. Table 12 illustrates the computation of these values for the data series originally
presented in Table 10. After converting the flows to their corresponding logarithms, the mean is 3.639,
the standard deviation is 0.394 and the skew coefficient is 0.236.

Table 10. Example Computations for Standard Normal Frequency Distribution
Medina River, TX



Basin: Medina River at San Antonio, TX (Gage 08181500)

Location: Latitude 29° 15' 14", Longitude 98° 28' 20"nleft bank of downstream side of pier of upstream
bridges on U.S. 281, 6.8 miles upstream from mouth and 7 miles south of San Antonio.

Area: 1,317 square miles

Remarks: Records good. Flow slightly regulated 60 miles upstream

Record: October 1929 to December 1930, July 1939 to current year

Water | Flood Q, |Floods in| Order .
Year cfs Plotting
Position

1940 2540 31900 1 ’ .0227 4.8315 3.8315 | 14.6806 ’ 56.2490

’ 6890 31800 2 ’ .0454 ’ 4.8163 ’ 3.8163 | 14.5647 ’ 55.5846

’ 42 | 17500 | 17500 ’ 3 ’ .0681 | 2.6506 ’ 1.6505 2.7242 ’ 4.49640
43 | 12100 17400 4 .0909 | 2.6353 | 1.6353 2.6744 | 4.37375

44 ’ 2000 14500 5 1136 ’ 2.1961 ’ 1.1961 1.4307 1.71141

’ 45 ’ 3540 13100 6 1363 ’ 1.9841 ’ .9841 .9684 .953072
’ 46 ’ 31800 12100 ’ 7 .1590 ’ 1.8326 ’ .8326 ’ .6933 577276
’ 47 ’ 1470 | 9680 ’ 8 ’ .1818 ’ 1.4660 ’ 4661 ’ 2172 ’ 101272
’ 48 2050 | 9440 ’ 9 ’ .2045 ’ 1.4297 ’ 4297 ’ 1847 ’ .079378
49 17400 | 9220 10 2272 | 1.3964 .3964 1571 .062310
1950 | 5660 8160 11 .25 | 1.2359 .2359 .0556 .013128
51 ’ 2150 7510 12 2727 ’ 1.1374 ’ 1374 .0188 .002597

’ 52 ’ 801 6890 ’ 13 .2954 ’ 1.0435 ’ .0435 .001897 | .000083
’ 53 ’ 4960 | 6360 ’ 14 ’ .3181 ’ .9632 ’ -.0367 ’ .001349 ’ -.000050
’ 54 ’ 865 | 5660 ’ 15 ’ .3409 ’ .8572 ’ -.1427 ’ .020376 ’ -.002907
’ 55 | 1200 | 5480 ’ 16 ’ .3636 | 8299 ’ -.1700 .028903 ’ -.004913
56 | 1750 | 5430 17 .3863 | .8224 -1775 .031535 | -.005600

57 | 5180 5180 18 4090 | .7845 -.2154 .046417 | -.010000

’ 58 ’ 9220 4960 19 4318 ’ 7512 ’ -.2487 .061885 | -.015395
’ 59 ’ 3350 4750 ’ 20 4545 ’ 7194 ’ -.2805 ’ .078721 | -.022087
’ 1960 ’ 3200 | 4620 ’ 21 ’ AT72 ’ .6997 ’ -.3002 ’ .090157 ’ -.027071
’ 61 ’ 3050 | 4130 ’ 22 ’ .50 ’ .6255 ’ -.3744 ’ .140233 ’ -.052514
’ 62 | 3960 | 3960 ’ 23 ’ 5227 | .5997 ’ -.4002 ’ .160180 ’ -.064108
63 | 890 3540 24 .5454 | .5361 -.4638 215145 | -.099792

64 | 2140 3360 25 .5681 | .5089 -.4910 241179 | -.118443

’ 65 ’ 5430 3350 26 .5909 ’ .5073 ’ -.4926 242669 | -.119542
’ 66 ’ 2160 3200 ’ 27 .6136 ’ 4846 ’ -.5153 ’ .265568 | -.136856
’ 67 ’ 5480 | 3050 ’ 28 ’ .6363 ’ 4619 ’ -.5380 ’ .289500 ’ -.155766
’ 68 ’ 13100 | 2950 ’ 29 ’ .6590 ’ 4468 ’ -.5531 ’ .306027 ’ -.169294
69 | 2730 | 2739 30 .6818 | 4134 -.5865 344004 | -.201765
1970 | 3360 2540 31 .7045 | .3847 -.6152 | .378589 |-.232944

71 ’ 2950 2160 32 1272 ’ 3271 ’ -.6728 | .452727 | -.304617

’ 72 ’ 6360 2150 ’ 33 0.75 ’ .3256 ’ -.6743 | .454767 |-.306679
’ 73 ’ 31900 2140 ’ 34 727 ’ 3241 ’ -.6758 | .456812 |-.308750



’ 74 ’ 9680 | 2050 ’ 35 ’ .7954 ’ .3104 ’ - .6895 ’.475424 ’-.327809
’ 75 ’ 4130 | 2000 ’ 36 ’ .8181 ’ .3029 ’ -.6970 ’.485925 ’-.338730
76 ’ 7510 | 1980 ’ 37 ’ .8409 ’ .2998 ’ -.7001 ’.490157 ’-.343165
17 | 4620 | 1750 38 .8636 | .2650 -.7349 540148 | -.396981
78 | 9440 1470 39 .8863 | 2226 - 7773 .604282 | -.469743
79 ’ 4750 1200 40 9090 ’ .1817 -.8182 .669533 | -.547845
’ 1980 ’ 1980 890 ’ 41 9318 ’ 1347 ’ - .8652 . 748574 | - .647668
’ 81 ’ 14500 865 ’ 42 ’ 9545 ’ .1310 ’ - .8689 ’.755140 - .656207
’ 82 ’ 8160 | 801 ’ 43 ’ 9772 ’ 1213 ’ - .8786 ’.772082 ’-.678414
’TOTALS ’ 283906 48.2196 ’1114386
n
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Figure 27. Normal Frequency Distribution Analysis, Medina River, TX

Table 11. Cumulative Distribution Function for Log-Normal Distribution
Exceedance Probability in %

S swsmEmmSebaNlyoe |
Coef. of Skew

Corresponding Return Period in Years




1.9 -0.2302 0.6276 1.2536 2.1040 2.7765 3.4815 5.2304
2.0 -0.2366 0.6146 1.2438 2.1069 2.7947 3.5202 5.3357
2.1 -0.2421 0.6026 1.2344 2.1085 2.8102 3.5544 5.4314
2.2 -0.2471 0.5911 1.2250 2.1092 2.8239 3.5858 5.5219
2.3 -0.2520 0.5792 1.2149 2.1092 2.8371 3.6171 5.6147
2.4 -0.2566 0.5673 1.2045 2.1083 2.8490 3.6469 5.7059
2.5 -0.2605 0.5565 1.1947 2.1068 2.8589 3.6730 5.7880
2.6 -0.2641 0.5462 1.1852 2.1048 2.8675 3.6967 5.8650
2.7 -0.2674 0.5360 1.1755 2.1022 2.8753 3.7193 5.9406
2.8 -0.2706 0.5259 1.1657 2.0991 2.8822 3.7408 6.0148
2.9 -0.2734 0.5164 1.1562 2.0956 2.8880 3.7603 6.0841
3.0 -0.2763 0.5060 1.1456 2.0913 2.8936 3.7806 6.1588
3.2 -0.2809 0.4879 1.1266 2.0825 2.9014 3.8138 6.2872
3.4 -0.2848 0.4706 1.1079 2.0724 2.9066 3.8427 6.4072
3.6 -0.2879 0.4551 1.0905 2.0620 2.9094 3.8665 6.5133
3.8 -0.2907 0.4395 1.0725 2.0503 2.9105 3.8882 6.6180
4.0 -0.2929 0.4251 1.0554 2.0384 2.9098 3.9062 6.7126
4.5 -0.2969 0.3924 1.0150 2.0070 2.9024 3.9401 6.9219
5.0 -0.2991 0.3643 0.9784 1.9755 2.8893 3.9608 7.0937

Assuming the distribution of the logs is normal, the 10- and 100-year floods are computed using
Equation (4-22) and Table 9 to be 13,945 CFS (395 CMS) and 35,965 CFS (1019 CMS),

respectively. Using the computed skew of 0.236 and Table 11, the 10- and 100-year floods are 14,212

CFS (403 CMS) and 42,206 CFS (1196 CMS) respectively. Both the log-normal and skewed
log-normal curves are plotted in Figure 28.

These actual flood data are also plotted on Log-Probability paper in Figure 28 together with the

standard log-normal distributions. (Note: When plotting Q on the log scale, the actual values of Q are
plotted rather than their logarithms, since the log-scale effectively transforms the data to their
respective logarithms.) Figure 28 shows the log-normal distributions fit the actual data better than the

simple normal distribution shown in Figure 27.

Two useful relations are also available to approximate the mean and the standard deviation of the
logarithms, (3 | and S, from 3 and S of the original variables. These equations are

4

3 Q
and
140
S, = . (log T (4-24)

4.3.4 Gumbel Extreme Value Distribution

The Gumbel extreme value distribution, sometimes called the double exponential distribution of
extreme values, can also be used to describe the distribution of hydrologic variables, especially peak
discharges. It is based upon the assumption that the cumulative frequency distribution of the largest
values of samples drawn from a large population can be described by the following equation



fI[CJ]I=e'EE(Q_m Wihere o =—1'2;1

(4-25)
F=0-04505

Table 12. Example Computations for Log-Normal Frequency Distribution,
Medina River, TX




40 1200 3.0792 .8461 -.1539 .02368 -.00364
41 890 2.9494 .8105 -.1895 .03593 -.00681
42 865 2.9370 9071 -.1929 .03723 -.00718
43 801 2.9036 7979 -.2021 .04085 -.00826
TOTALS 156.4840 4925 .01259
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In a manner analogous to that of the normal distribution, values of the distribution function can be
computed from Equation (4-25). These values are tabulated for convenience in Table 13.

Characteristics of the Gumbel Extreme Value Distribution are that the mean flow, Q, occurs at the
return period of Tr = 2.33 years and that it has a positive skew, i.e. it is skewed towards the high flows
or extreme values.

As was the case with the two previous distributions, special probability paper (called Gumbel Paper)
has been developed so that sample data, if it is distributed according to Equation (4-25), will plot as a
straight line. This paper is not available commercially, but most USGS offices have prepared forms of
this paper on which the horizontal scale has been transformed by the double logarithmic transform of
Equation (4-25).

Peak flow data for the Medina River, Table 10, can be fit with a Gumbel distribution using Equation
(4-21) and values of K from Table 13. The 10- and 100-year floods computed from the Gumbel

distribution are 17,115 CFS (484.7 CMS) and 31,604 CFS (895.0 CMS), respectively, as shown in
Figure 29. Also plotted on the Gumbel graph paper in Figure 29 are the actual flood data.

Although the Gumbel Distribution is skewed positively, it does not account directly for the computed
skew of the data but does predict the high flows reasonably well. However, the entire curve fit is not
much better than that obtained with the normal distribution indicating this peak flow series is not
distributed according to the double exponential distribution of Equation (4-25).
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Figure 28. Log-Normal Frequency Distribution Analysis, Medina River, TX

Table 13. Cumulative Distribution Function for Gumbel Extreme Value Distribution
Exceedance Probability in %

e ExceedanceProbaniiyim®%
sample Size 500 | 200 ] 100 | 40 | 20 | 70 ] w7

Corresponding Return Period in Years

| 10 -0.1355 | 1.0581 | 1.8483 | 2.8468 3.5876 4.3228 | 6.0219
| 15 -0.1433 I 0.9672 ’ 1.7025 | 2.6315 3.3207 ’ 4.0048 ’ 5.5857
| 20 -0.1478 | 0.9186 ’ 1.6247 | 2.5169 3.1787 ’ 3.8357 ’ 5.3538
| 25 ’ -0.1506 I 0.8879 ’ 1.5755 | 2.4442 ’ 3.0887 ’ 3.7285 ’ 5.2068
| 30 ’ -0.1525 | 0.8664 ’ 1.5410 | 2.3933 ’ 3.0257 ’ 3.6533 ’ 5.1038




| 35 ’ -0.1540 | 0.8504 ’ 1.5153 | 2.3555 2.9789 3.5976 ’ 5.0273
| 40 ’ -0.1552 | 0.8379 ’ 1.4955 | 2.3262 2.9426 3.5543 ’ 4.9680
| 45 ’ -0.1561 | 0.8280 ’ 1.4795 | 2.3027 2.9134 3.5196 ’ 4.9204
50 -0.1568 | 0.8197 | 1.4662 | 2.2831 2.8892 3.4907 | 4.8808
55 -0.1574 | 0.8128 | 1.4552 2.2668 2.8690 3.4667 | 4.8478
60 -0.1580 0.8069 ’ 1.4457 2.2529 2.8517 3.4460 ’ 4.8195
65 -0.1584 0.8019 | 1.4377 2.2410 2.8369 3.4285 | 4.7955
70 ’ -0.1588 | 0.7973 ’ 1.4304 | 2.2302 2.8236 3.4126 ’ 4.7738
| 75 ’ -0.1592 | 0.7934 ’ 1.4242 | 22211 2.8123 3.3991 ’ 4.7552
| 80 ’ -0.1595 | 0.7899 1.4186 | 2.2128 2.8020 3.3869 4.7384
| 85 -0.1598 | 0.7868 1.4135 | 2.2054 2.7928 3.3759 4.7234
90 -0.1600 0.7840 | 1.4090 | 2.1987 2.7845 3.3660 | 4.7098
95 -0.1602 0.7815 ’ 1.4049 2.1926 2.7770 3.3570 ’ 4.6974
100 -0.1604 0.7791 ’ 1.4011 2.1869 2.7699 3.3487 ’ 4.6860

Go to Section 4 (Part II)
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Go to Section 5

4.3.5 Log-Pearson Type lll Distribution

Another distribution which has found wide application in hydrologic analysis is the log-Pearson
Type lll distribution. The log-Pearson Type 1l distribution is a three parameter gamma distribution
with a logarithmic transform of the independent variable. It is one of a number of standard
distributions which have been developed, more or less empirically, which can be applied to
statistical problems. Its use is based simply on the fact that it very often fits the available data quite
well, and it is flexible enough to be used with a wide variety of distributions. It is this flexibility which
has lead the U.S. Water Resources Council to recommend its use as the standard distribution for
flood frequency studies by all U.S. Government agencies.

The log-Pearson Il distribution differs from most of the distributions discussed above in that the
three parameters, mean flow, standard deviation and coefficient of skew are necessary to describe
the distribution. By judicious selection of these three parameters, it is possible to fit just about any
shape of distribution. An extensive treatment on the use of this distribution in the determination of
flood frequency distributions is presented in Bulletin 17B, "Guidelines for Determining Flood
Frequency" by the U.S. Water Resources Council, revised September, 1981.
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Figure 29. Gumbel Extreme Value Frequency Distribution Analysis, Medina River, TX



An abbreviated Table of the log-Pearson Ill Distribution Functions is given in Table 14. (Extensive

tables which reduce the amount of interpolation can be found in Bulletin 17B). Using the mean,
standard deviation and skew coefficient for any set of log-transformed annual peak flow data, in
conjunction with Table 14, the flood with any exceedance frequency can be computed from the

equation

log Gl = Q) + Bl (4-26)

where (3, and S| are as previously defined and K is a function of both the standard deviation and
the coefficient of skew.

Table 14. Cumulative Distribution Function for Log-Pearson Type lll Distribution

Corresponding Return Period in Years
3.0 -0.3955 0.4204 1.1801 2.2778 3.1519 4.0514 6.2051
2.8 -0.3835 0.4598 1.2101 2.2747 3.1140 3.9730 6.0186
2.6 -0.3685 | 0.4987 1.2377 2.2674 3.0712 3.8893 5.6282
2.4 -0.3506 | 0.5368 1.2624 2.2558 3.0233 3.8001 5.6282
2.2 -0.3300 0.5738 1.2841 2.2397 2.9703 3.7054 5.4243
2.0 -0.3069 0.6094 1.3026 2.2189 2.9120 3.6052 5.2146
1.8 -0.2815 | 0.6434 1.3176 2.1933 2.8485 3.4994 | 4.9994
1.6 -0.2542 0.6753 1.3290 2.1629 2.7796 3.3880 4.7788
14 -0.2254 0.7051 1.3367 2.1277 2.7056 3.2713 4.5530
1.2 -0.1952 | 0.7326 1.3405 2.0876 2.6263 3.1494 | 4.3226
1.0 -0.1640 0.7575 1.3404 2.0427 2.5421 3.0226 4.0880
0.8 -0.1320 | 0.7799 1.3364 1.9931 2.4530 2.8910 3.8498
0.6 -0.0995 0.7995 1.3285 1.9390 2.3593 2.7551 3.6087
0.4 -0.0665 | 0.8164 1.3167 1.8804 2.2613 2.6154 | 3.3657
0.2 -0.0333 0.8304 1.3011 1.8176 2.1594 2.4723 3.1217
0.0 0.0000 0.8416 1.2816 1.7507 2.0538 2.3264 2.8782
-0.2 0.0333 0.8499 1.2582 1.6800 1.9450 2.1784 2.6367
-0.4 0.0665 0.8551 1.2311 1.6057 1.8336 2.0293 2.3994
-0.6 0.0995 0.8572 1.2003 1.5283 1.7203 1.8803 2.1688
-0.8 0.1320 0.8561 1.1657 1.4481 1.6060 1.7327 1.9481
-1.0 0.1640 0.8516 1.1276 1.3658 1.4919 1.5884 1.7406
-1.2 0.1952 0.8437 1.0861 1.2823 1.3793 1.4494 1.5502
-14 0.2254 0.8322 1.0414 1.1984 1.2700 1.3182 1.3798
-1.6 0.2542 0.8172 0.9942 1.1157 1.1658 1.1968 1.2313




-1.8 0.2815 0.7986 0.9450 1.0354 1.0686 1.0871 1.1047
-2.0 0.3069 0.7769 0.8946 0.9592 0.9798 0.9900 0.9980
-2.2 0.3300 0.7521 0.8442 0.8881 0.9001 0.9052 0.9085
-2.4 0.3506 0.7250 0.7947 0.8232 0.8296 0.8320 0.8332
-2.6 0.3685 0.6960 0.7471 0.7646 0.7678 0.7688 0.7692
-2.8 0.3835 0.6660 0.7021 0.7123 0.7138 0.7142 0.7143
-3.0 0.3955 0.6357 0.6602 0.6659 0.6665 0.6667 0.6667
|from WRC, 1981

Again, it would be possible to develop special probability paper, so that the log-Pearson Il distribution would
plot as a straight line. However, the log Pearson Il distribution has varying shape statistics, i.e. K = f(S;, G,) so

that a separate probability paper would be required for each different distribution. Since this is impractical,
log-Pearson lll distributions are usually plotted on log-normal probability graph paper even though the plotted
frequency distribution may not be a straight line.

Table 14 and Equation (4-26) are used to compute the log-Pearson Ill distribution for the 10- and 100-year
flood using the parameters, Q,, S|, and G, for the Medina River flood data of Table 12. (To help define the dis
tribution, the 25- and 50-year floods have also been computed). Using the station skew of 0.236, the

log-Pearson lll distribution estimates the 10- and 100- year floods at 14,226 CFS (403 CMS) and 42,042 CFS
(91 CMS), respectively. The log-Pearson Il distribution (G, = 0.236) together with the actual data from Table

10 are plotted in Figure 30 on log-normal probability paper.

Bulletin 17B outlines three methods for selection of the skew coefficient. These include the station skew, a
generalized skew and a weighted skew. Since the skew coefficient is very sensitive to extreme values, the
station skew, or the skew coefficient computed from the actual data may not be accurate if the sample is a
short record. In this case, Bulletin 17B recommends use of a generalized skew coefficient determined from a
map giving generalized skew coefficients of the logarithms of annual maximum streamflows throughout the
United States. This map also gives average skew coefficients by one degree quadrangles over most of the
country.

The generalized skew coefficient for the Medina River is -0.252. Using this option, the 10- and 100-year floods
for the Medina River are estimated from Equation (4-26) to be 13,564 CFS (384.1 CMS) and 30,411 4FS

(861.2 CMS), respectively. This log-Pearson Il distribution (generalized skew coefficient, G, =-0.252) is also
plotted on Figure 30.

Often the station skew and generalized skew can be combined to provide a better estimate for a given sample
of flood data. Bulletin 17B outlines a procedure based on the concept that the "mean-square error (MSE) of the
weighted estimate is minimized by weighting the station and generalized skews in inverse proportion to their
individual mean-square errors.” The mean square error is defined as the sum of the squared differences
between the true and estimated values of a quantity divided by the number of observations. In analytical form,
this concept is given by the equation

_ MSEg, (G )+ MSEg, (GL)
> MSE s, +MSE g

(4-27)

where G,, is the weighted skew, G, is the station skew, G, is the generalized skew, and MSEg, and MSEg, are the mean square
errors for the station and generalized skews, respectively.
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Figure 30. Log-Pearson Type lll Distribution Analysis, Medina River, TX

When G__is taken from the map of generalized skews in Bulletin 17B, MSEg, = 0.302. The value of MSE, can be
obtained from Table 15 taken directly from Bulletin 17B or approximated by the equation

MSEg =1 D[A—E[lﬂﬁﬂ D[%]ﬂ

where n is the period of record,



A = -033+0.08|G|for G| <0 90
A = -0,52+0.30|G|for [ | > 0.90

and
B = 0.94 -0 26[G| for|Gy | £ 150
B =0.55 for|Gy| > 1.50

To illustrate the determination of a weighted skew, consider the Medina River data used in the above illustrations.
For these data, the station and generalized skews have already been determined to be G, = 0.236 and G, = -0.252,

respectively. The mean-square error of G, MSEg,, is 0.302 and from Equation (4-28) MSEg, = 0.136. From
Equation (4-27), the weighted skew is computed as

0.302(0.236) +0.136(-0.252)
0.302+0.136

If the difference between the generalized and station skews is greater than 0.5, the data and basin characteristics
should be reviewed, possibly giving more weight to the station skew.

Gy = - 0.085 (4-28)

The USGS has developed Program J407, an example output from which is shown in Table 16, for statistical flood
frequency analysis of annual peak flow records. The analysis follows WRC Bulletin 17B guidelines including the
calculation of a log-Pearson lll frequency curve based on the mean, standard deviation and skewness of the
logarithms of the recorded annual peak flows.

Table 15. Summary of Mean Square Error of Station Skew as a Function of Record Length and Station Skew

STATION
SKEW RECORD LENGTH, IN YEARS

(GL
OR G|) 70 100

| 0.0 0468 | 0.244 | 0167 | 0.127 ] 0.103 | 0.087 ] 0.075 ] 0.066 | 0.059 | 0.054
| 0.1 ] 0.476 ] 0.253 ] 0.175 | 0.134 ] 0.109 ] 0.093 ] 0.080 ] 0.071 | 0.064 | 0.058
| 0.2 ] 0.485 ] 0.262 ] 0.183 | 0.142 ] 0.116 | 0.099 ] 0.086 ] 0.077 | 0.069 | 0.063
| 0.3 0.494 ] 0.272 y 0.192 | 0.150 ] 0.123 | 0.105 ] 0.092 | 0.082 | 0.074 | 0.068
| 0.4 0.504 y 0.282 | 0.201 | 0.158 ] 0.131 | 0.113 ] 0.099 | 0.089 | 0.080 | 0.073
| 0.5 0.513 y 0.293 | 0.211 | 0.167 ] 0.139 | 0.120 ] 0.106 | 0.095 | 0.087 | 0.079
| 0.6 y 0.522 y 0.303 y 0.221 | 0.176 y 0.148 y 0.128 ] 0.114 ] 0.102 | 0.093 | 0.086
| 0.7 ] 0.532 ] 0.315 ] 0.231 | 0.186 ] 0.157 ] 0.137 ] 0.122 ] 0.110 | 0.101 | 0.093
| 0.8 ] 0.542 ] 0.326 ] 0.243 | 0.196 ] 0.167 y 0.146 ] 0.130 ] 0.118 | 0.109 | 0.100
| 0.9 ] 0.562 ] 0.345 ] 0.259 | 0.211 ] 0.181 ] 0.159 ] 0.142 ] 0.130 | 0.119 | 0.111
| 1.0 ] 0.603 ] 0.376 ] 0.285 | 0.235 ] 0.202 | 0.178 ] 0.160 ] 0.147 | 0.135 | 0.126
| 1.1 0.646 ] 0.410 y 0.315 | 0.261 ] 0.225 | 0.200 ] 0.181 ] 0.166 | 0.153 | 0.143
| 1.2 0.692 ] 0.448 | 0.347 | 0.290 ] 0.252 | 0.225 ] 0.204 | 0.187 | 0.174 | 0.163
[ 13 0.741 [ 0483 [ 0383 [ 0322 [ 0.281 | 0252 [ 0230 [ 0212 | 0.197 [ 0.185
| 14 0.794 [ 0533 [ 0422 | 0357 | 0.314 | 0283 | 0259 [ 0.240 | 0.224 [ 0.211
| 15 0.851 [ 0581 [ 0465 [ 0397 | 0.351 | 0318 [ 0292 [ 0.271 | 0.254 [ 0.240
|16 [ 0912 | 0623 | 0.498 [ 0425 [ 0376 | 0.340 [ 0313 | 0291 [ 0.272 | 0.257
17 [ 0977 | 0.667 | 0534 [ 0456 [ 0403 | 0.365 | 0.335 | 0311 [ 0292 | 0275




| 1.8 1.047 ’ 0.715 ’ 0.572 | 0.489 ’ 0.432 0.391 ’ 0.359 ’ 0.334 | 0.313 | 0.295
I 1.9 1.122 ’ 0.766 ’ 0.613 | 0.523 ’ 0.463 0.419 ’ 0.385 ’ 0.358 | 0.335 | 0.316
I 2.0 1.202 ’ 0.821 ’ 0.657 | 0.561 ’ 0.496 0.449 ’ 0.412 ’ 0.383 | 0.359 | 0.339
| 2.1 1.288 | 0.880 ’ 0.704 | 0.601 ’ 0.532 0.481 ’ 0.442 ’ 0.410 | 0.385 | 0.363
| 2.2 1.380 ’ 0.943 ’ 0.754 | 0.644 ’ 0.570 0.515 ’ 0.473 0.440 | 0.412 | 0.389
| 2.3 1.479 ’ 1.010 ’ 0.808 | 0.690 ’ 0.610 0.552 ’ 0.507 0.471 | 0.442 | 0.417
| 2.4 1.585 ’ 1.083 0.866 0.739 ’ 0.654 0.592 ’ 0.543 0.505 | 0.473 | 0.447
| 2.5 1.698 ’ 0.160 0.928 0.792 ’ 0.701 0.634 ’ 0.582 0.541 | 0.507 | 0.479
| 2.6 1.820 | 1.243 0.994 | 0.849 ’ 0.751 0.679 ’ 0.624 0.580 | 0.543 | 0.513
| 2.7 1.950 ’ 1.332 1.066 | 0.910 ’ 0.805 0.728 ’ 0.669 0.621 | 0.582 | 0.550
I 2.8 2.089 ’ 1.427 1.142 | 0.975 ’ 0.862 0.780 ’ 0.716 0.666 | 0.624 | 0.589
| 2.9 2.239 ’ 1.529 1.223 | 1.044 ’ 0.924 0.836 ’ 0.768 0.713 | 0.669 | 0.631
| 3.0 ’ 2.399 ’ 1.638 ’ 1.311 | 1.119 ’ 0.990 ’ 0.895 ’ 0.823 ’ 0.764 0.716 | 0.676
|from WRC, 1981

Table 16. Sample Output, USGS Program J407 for Log-Pearson Type lll Frequency Distribution

PGM J407 VER 3.7
(REV 11/5/81)

U.S. Geological Survey
Annual Peak Flow Frequency Analysis
Following WRC Guidelines Bulletin 17-B

Peak Flow Frequency Analysis
Run-Date 5/21/84 at 2015 Sequence 1.0001

Optionsin Effect:
PLOT NOBC LGPT NODR PPOS NORS NOEX CLIM

Station:
08181500 /USGS MEDINA RIVER AT SAN ANTONIO, TX 1940n1982

INPUT DATA SUMMARY

Years of Record EEnE User-set Outlier
Historic| Generalized| Std. Error of Bage Criteria

. ] . General Skew : Hiah Low
Discharge 9! ;
Systematic| Historic g outlier| outlier

43 | 0 0 | -0.252 - | WRO Weighted 0.0 -- --
Notice: Preliminary Machine Computations
User Responsible for Assessment and Interpretation

WCF 134ICNo Systematic Peaks were below gage base. 0.0
WCF 195ICNo Low Ouitliers were detected below criterion. 372.6
WCF 163ICNo High Outliers or Historic Peaks exceeded HHbase 50946.9

ANNUAL FREQUENCY CURVE PARAMETERSCLOG-PEARSON TYPE Il

Flood Base Discharge Floed] 2Est Logarithmic | Logarithmic Standard |Logarithmic
Exceedance .
" Mean Deviation Skew
Probability




Systematic
Record

WRC Estimate

0.0

1.0000

3.6392

0.3941

0.236

0.0

1.0000

3.6392

0.3941

0.085

ANNUAL FREQUENCY CURVE ORDINATESCDISCHARGE AT SELECTED EXCEEDANCE
95% Confidence Limitsfor WRC

Annual
Exceedance
Probability

WRC Estimate

Systematic Record

" Expected
Probability”
Estimate

Input Data Listing

0.9950 452.4 514.6 259.7 677.8
0.9900 558.6 618.4 - 334.0 814.7
0.9500 1001.4 1043.4 -- 666.8 1363.6
0.9000 1373.5 1396.8 -- 964.3 1811.6
0.8000 2022.9 2012.7 - 1502.7 2587.4
0.5000 4301.2 4204.2 - 3411.1 5419.0
0.2000 9313.2 9236.5 -- 7284.7 12524.3
0.1000 14049.3 14227.0 -- 10635.4 20063.8
0.0400 21901.7 22910.1 - 15828.6 33745.5
0.0200 29266.6 31441.1 - 20440.5 47570.2
0.0100 38063.5 42045.3 -- 25726.8 65060.3
0.0050 48496.1 55129.2 - 31765.7 86924.8
0.0020 65186.0 77044.1 - 41046.4 123958.4

Empirical Frequency CurvesC

Weibull Plotting Positions

Water Year Discharge Codes RIS Ranked JEEMENE WRC Estimate
Year |Discharge Record

1940 2540.0 K 1973 31900.0 0.0227 0.0227
1941 6890.0 K 1946 31800.0 0.0455 0.0455
1942 17500.0 K 1942 17500.0 0.0682 0.0682
1943 12100.0 K 1949 17400.0 0.0909 0.0909
1944 2000.0 K 1981 14500.0 0.1136 0.1136
1945 3540.0 K 1968 13100.0 0.1364 0.1364
1946 31800.0 K 1943 12100.0 0.1591 0.1591
1947 1470.0 K 1974 9680.0 0.1818 0.1818
1948 2050.0 K 1978 9440.0 0.2045 0.2045
1949 17400.0 K 1958 9220.0 0.2273 0.2273
1950 5660.0 K 1982 8160.0 0.2500 0.2500
1951 2150.0 K 1976 7510.0 0.2727 0.2727
1952 801.0 K 1941 6890.0 0.2955 0.2955
1953 4960.0 K 1972 6360.0 0.3182 0.3182
1954 865.0 K 1950 5660.0 0.3409 0.3409
1955 1200.0 K 1967 5480.0 0.3636 0.3636
1956 1750.0 K 1965 5430.0 0.3864 0.3864
1957 5160.0 K 1957 5180.0 0.4091 0.4091
1958 9220.0 K 1953 4960.0 0.4318 0.4318
1959 3350.0 K 1979 4750.0 0.4545 0.4545
1960 3200.0 K 1977 4620.0 04773 0.4773
1961 3050.0 K 1975 4130.0 0.5000 0.5000




1962 3960.0 K 1962 3960.0 0.5227 0.5227
1963 890.0 K 1945 3540.0 0.5455 0.5455
1964 2140.0 K 1973 3360.0 0.5682 0.5682
1965 5430.0 K 1959 3350.0 0.5909 0.5909
1966 2160.0 K 1960 3200.0 0.6136 0.6136
1967 5480.0 K 1961 3050.0 0.6364 0.6364
1968 13100.0 K 1971 2950.0 0.6591 0.6591
1969 2730.0 K 1969 2730.0 0.6818 0.6818
1970 3360.0 K 1940 2540.0 0.7045 0.7045
1971 2950.0 K 1966 2160.0 0.7273 0.7273
1972 6360.0 K 1951 2150.0 0.7500 0.7500
1973 31900.0 K 1964 2140.0 0.7727 0.7727
1974 9680.0 K 1948 2050.0 0.7955 0.7955
1975 4130.0 K 1944 2000.0 0.6182 0.6182
1976 7510.0 K 1980 1980.0 0.8409 0.8409
1977 4620.0 K 1956 1750.0 0.8636 0.8636
1978 9440.0 K 1947 1470.0 0.8864 0.8864
1979 4750.0 K 1955 1200.0 0.9091 0.9091
1980 1980.0 K 1963 890.0 0.9318 0.9318
1981 14500.0 K 194 865.0 0.9545 0.9545
1982 8160.0 K 1952 801.0 0.9773 0.9773
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Peak flow data are taken from WATSTORE with the peak flow file retrieval program discussed in Section 3. In
addition to the basic frequency analysis, Program J407 allows for adjustments for zero flows, peaks below gage
base, low and high outliers, historic information and regional skew information. The program also contains an option
to include a printer plot of the expected frequency curve.

To illustrate the output from Program J407, a log-Pearson Il frequency analysis was performed on the Medina River
data using the Bulletin 17B option for weighted skew. The output shown on Table 16 includes Input Data Summary,
Annual Frequency Curve Parameters, Discharge at Selected Exceedance Probabilities, Input Data Listing, Data for
Plotting Positions, and a printer plot of the frequency distribution curve including the observed flow peaks. Using the
weighted skew of 0.085, the 10- and 100- year floods are estimated as 14,049 CFS (397.9 CMS) and 38,064 CFS
(1078.0 CMS) respectively. Presently, this information can be obtained from any USGS District office for peak flow
data in WATSTORE. It is expected that this output will also be obtainable from USGS sub-District offices in the near
future and also can be obtained by anyone with access to WATSTORE.

4.3.6 Evaluation of Flood Frequency Predictions

The peak flow data for the Medina River gage have now been analyzed by four different standard frequency
distributions, and in‘the case of log-Pearson Il distribution by three different options for the inclusion of skewness.
The predicted 10-year and 100-year floods obtained by each of these methods are summarized in Table 17 below.

Table 17. Summary of Estimated Flows for Standard Frequency Distributions

Frequency Distribution Estilmenzel [Hew, CFS,
9 y 10-year 100-year

Normal |15,672 ]23,058
Log-Normal

Skew, G =0 13,945 35,965

Skew, G| =0.236 14,212 42,206
Gumbel 17,115 31,604
Log-Pearson |1

Computed Station Skew, G, = 0.236 14,226 42,042

WRC Generalized Skew, G| =-0.252 (13 564 30,411

WRC Weighted Skew, G =0.085 (14,049 38,064

There is considerable variation in the 10- and 100-year floods predicted by the general standard frequency
distributions. The variation is especially large for the 100-year event where the maximum difference is over 19,000
CFS (510 CMS). The highway designer is faced with the obvious question of which is the appropriate distribution to
use for the given set of data.

Considerable insight into the nature of the distribution can be obtained by ordering the flood data, computing the
mean, standard deviation and coefficient of skew for the sample and plotting the data on standard probability graph
paper. Based on this preliminary graphical analysis, as well as judgement, some standard distributions might be
eliminated before the frequency analysis is begun.

Oftentimes, more than one distribution, or in the case of the log-Pearson Ill, more than one skew option will seem to
fit the data fairly well. Some quantitative measure is needed to determine whether one curve or distribution is better
than another. Several different techniques have been proposed for this purpose. Two of the most common are the
standard error of estimate and confidence limits which are discussed below.

4.3.6.1 Standard Error of Estimate

A common measure of statistical reliability is the standard error of estimate or the root-mean square error. Beard,
1962, gives the standard error of estimate, S+, for the mean, standard deviation and coefficient of skew as



Mean: ST =— (4-29)

Standard Deviation: St = — (4-30)

Coefficient of Skew: St = JBnin-1j}{ln-2)n+1)in+3)] (4-31)

These equations show that the standard error of estimate is inversely proportional to the square root of the period of
record. In other words, the shorter the record, the larger the standard errors. For example, standard errors for a
short record will be approximately twice as large as those for a record four times as long.

Kite, 1977, has analyzed standard errors of estimate for flood predictions at various return periods for the normal,
log-normal, extreme value, and log-Pearson Il standard frequency distributions.

For each of these distributions, the standard error of estimate is given by Kite as

g 2 % (4-32)

where values of & have been calculated from equations given by Kite, 1977. These values are tabulated in Table 18,
Table 19, Table 20, and Table 21 for the normal, log-normal, extreme value and log-Pearson Il distributions,
respectively. For the normal distribution, 8 is a function of the return period and for the log-normal distributions, & is
given as a function of the return period and the log coefficient of variation, (S,/ G 1)- For the Gumbel distribution, the

value of & is given in terms of the return period and sample size, while for the log-Pearson Ill distribution, d is given
in terms of return period and coefficient of skew.

Standard errors of estimate for the 100-year flood on the Medina River example are computed for the four
distributions using Equation (4-32) and Table 18, Table 19, Table 20, and Table 21.

normal: Syog = a% —(1.925)(7074 5} /43 = 2077 CES(59 CMS)
N

log-normal:  Sygn = 8- = (2 344)(7074.5)/ /A3 = 2529 CFES (72 CMS)

Jn

Gumbel <

Extreme Si00 = BT = (4. 33NT7074.5) /43 =4673 CF5 (132 CWMS)
n

Value:

I((é?ﬁegg’gg).'” S a% ~ (2.790)(7074.5)/ 43 - 3010 CFS (85 CMS)
b . . I.-l

There is also another method for calculating the standard error for the normal distribution. Table 22 from Kite, 1977,

gives the ratio of the standard error for a flood with return period, Tr, to the standard deviation of the sample data in
terms of the period of record.

Table 18. Parameters & for Standard Error of Normal Distribution
Exceedance Probability in %

Correponding Return Period in Years

’ 1.0000 ’ 1.1637 ’ 1.3496 ’ 1.5916 ’ 1.7634 ’ 1.9253 ’ 2.2624




Table 19. Parameter 6 for Standard Error of Log-Normal Distribution

[00 T 200 ] 10 [ 40 ] 20 | 10 ] 07 |
.
10.05 y 0.9983 y 1.2162 y 1.4323 y 1.7105 | 1.9087 | 2.0968 y 2.4939
yo.lo ] 0.9932 ] 1.2698 y 1.5222 y 1.8453 | 2.0766 | 2.2979 y 2.7714
10.15 y 0.9848 y 1.3241 y 1.6187 y 1.9956 | 2.2676 | 2.5298 y 3.0993
y 0.20 0.9733 y 1.3784 y 1.7211 y 2.1613 | 2.4819 | 2.7940 y 3.4820
y 0.25 0.9589 y 1.4323 y 1.8289 | 2.3423 | 2.7202 | 3.0917 y 3.9241
10.30 y 0.9420 y 1.4855 y 1.9417 y 2.5383 | 2.9829 | 3.4246 y 4.4305
10.35 y 0.9229 y 1.5378 2.0591 2.7496 3.2708 | 3.7942 y 5.0065
10.40 y 0.9021 y 1.5890 2.1811 2.9762 3.5845 | 4.2023 y 5.6574
0.45 y 0.8801 y 1.6389 2.3074 3.2184 3.9251 | 4.6508 6.3890
0.50 y 0.8575 y 1.6876 2.4382 3.4766 4.2935 | 5.1418 7.2076
0.55 y 0.8351 1.7351 2.5735 3.7514 4.6910 | 5.6774 8.1196
0.60 y 0.8138 1.7814 2.7134 4.0435 5.1190 | 6.2604 9.1322
0.65 0.7945 1.8266 2.8583 4.3535 5.5790 | 6.8934 10.2529
0.70 0.7784 1.8709 3.0085 4.6826 6.0729 | 7.5794 11.4897
0.75 0.7669 1.9143 3.1644 5.0316 | 6.6024 | 8.3217 12.8513
0.80 0.7615 1.9570 3.3264 5.4018 | 7.1698 | 9.1238 14.3468
0.85 0.7635 1.9991 3.4949 y 5.7945 | 7.7773 | 9.9894 15.9861
0.90 0.7746 2.0408 3.6705 y 6.2109 | 8.4272 | 10.9225 17.7796
10.95 ] 0.7959 2.0821 y 3.8536 y 6.6524 | 9.1221 | 11.9272 y 19.7381
y 1.00 y 0.8284 2.1232 y 4.0449 y 7.1206 | 9.8646 | 13.0081 y 21.8734

Table 20. Parameter o for Standard Error of Gumbel Extreme Value Distribution
Exceedance Probability in %

s PesdmeRmEbiiyms ]
Size [ WO [ 20 ) o | 48 ] 20 | 48 | 0z |

Correponding Return Period in Years

500
| 10 y 0.9305 | 1.8540 y 2.6200 y 3.6275 y 4.3870 5.1460 y 6.9103
| 15 | 0.9270 y 1.7695 y 2.4756 y 3.4083 y 4.1127 4.8173 y 6.4565
| 20 y 0.9250 y 1.7249 y 2.3990 y 3.2919 y 3.9670 4.6427 y 6.2154
| 25 y 0.9237 y 1.6968 y 2.3507 y 3.2183 3.8748 4.5322 y 6.0626
| 30 y 0.9229 | 1.6772 y 2.3169 y 3.1667 3.8103 4.4547 y 5.9556
| 35 y 0.9223 y 1.6627 y 2.2919 y 3.1286 3.7624 4.3973 y 5.8763
| 40 | 0.9218 y 1.6514 y 2.2725 y 3.0990 3.7253 4.3528 y 5.8147
| 45 y 0.9214 y 1.6424 y 2.2569 3.0752 ] 3.6955 ] 4.3171 ] 5.7653
| 50 y 0.9211 y 1.6350 y 2.2441 3.0555 y 3.6707 y 4.2874 y 5.7242




| 55 y 0.9208 y 1.6288 y 2.2333 y 3.0390 3.6502 4.2626 y 5.6900
| 60 y 0.9206 y 1.6235 y 2.2241 y 3.0249 3.6325 4.2414 y 5.6607
| 65 ] 0.9204 | 1.6190 ] 2.2163 3.0130 3.6175 4.2234 y 5.6357
| 70 | 0.9202 y 1.6149 y 2.2092 3.0022 3.6039 4.2071 y 5.6132
| 75 y 0.9200 y 1.6114 y 2.2032 y 2.9929 ] 3.5923 ] 4.1932 y 5.5939
| 80 y 0.9199 y 1.6083 y 2.1977 y 2.9846 y 3.5818 y 4.1806 y 5.5765
| 85 ] 0.9198 ] 1.6055 ] 2.1929 ] 2.9771 ] 3.5725 y 4.1694 5.5610
| 90 y 0.9197 y 1.6030 y 2.1885 y 2.9704 y 3.5640 y 4.1592 5.5468
| 95 | 0.9196 y 1.6007 ] 2.1845 ] 2.9643 ] 3.5563 y 4.1500 ] 5.5341
| 100 y 0.9195 y 1.5986 y 2.1808 y 2.9586 y 3.5492 y 4.1414 y 5.5222

Table 21. Parameter & for Standard Error of Log-Pearson Type Il Distribution

Exceedance Probability in %

Coff =0 ] 0 ] 0 | 40 [ 20 ] 30 ] oz

Skew Correponding Return Period in Years

’ 0.0 | 1.0801 l 1.1698 ’ 1.3748 ’ 1.8013 ’ 2.1992 ’ 2.6369 | 3.7212
’ 0.1 | 1.0808 I 1.2006 ’ 1.4368 ’ 1.9092 ’ 2.3429 ’ 2.8174 ’ 3.9902
’ 0.2 | 1.0830 l 1.2310 ’ 1.4990 ’ 2.0229 ’ 2.4990 ’ 3.0181 | 4.3001
’ 0.3 1.0866 I 1.2610 ’ 1.5611 ’ 2.1414 ’ 2.6661 ’ 3.2373 ’ 4.6486
’ 0.4 1.0918 | 1.2906 ’ 1.6228 ’ 2.2639 ’ 2.8428 ’ 3.4732 ’ 5.0336
’ 0.5 | 1.0987 I 1.3200 ’ 1.6840 ’ 2.3898 ’ 3.0283 ’ 3.7247 ’ 5.4534
’ 0.6 | 1.1073 l 1.3493 ’ 1.7442 ’ 2.5182 ’ 3.2215 ’ 3.9905 | 5.9066
’ 0.7 | 1.1179 | 1.3786 ’ 1.8033 ’ 2.6486 ’ 3.4215 ’ 4.2695 ’ 6.3920
’ 0.8 | 1.1304 | 1.4083 ’ 1.8611 ’ 2.7802 ’ 3.6274 ’ 4.5607 ’ 6.9085
’ 0.9 | 1.1449 ] 1.4386 ’ 1.9172 ’ 2.9123 ’ 3.8383 ’ 4.8631 | 7.4550
’ 1.0 | 1.1614 I 1.4701 ’ 1.9717 ’ 3.0442 ’ 4.0532 ’ 5.1756 ’ 8.0303
’ 11 | 1.1799 I 1.5032 ’ 2.0243 ’ 3.1751 ’ 4.2711 5.4969 | 8.6335
’ 1.2 | 1.2003 l 1.5385 ’ 2.0751 ’ 3.3043 ’ 4.4909 5.8259 ’ 9.2631
’ 1.3 | 1.2223 | 1.5767 ’ 2.1242 ’ 3.4311 ’ 4.7115 6.1613 ’ 9.9177
’ 1.4 | 1.2457 ] 1.6186 ’ 2.1718 ’ 3.5546 ’ 4.9319 6.5017 | 10.5958
’ 15 | 1.2701 I 1.6649 ’ 2.2182 ’ 3.6741 ’ 5.1507 ’ 6.8456 ’ 11.2957
’ 1.6 | 1.2951 I 1.7164 ’ 2.2640 ’ 3.7891 ’ 5.3669 ’ 7.1915 | 12.0155
’ 1.7 | 1.3202 l 1.7741 ’ 2.3097 ’ 3.8989 ’ 5.5792 ’ 7.5378 ’ 12.7531
’ 1.8 | 1.3450 | 1.8385 ’ 2.3562 ’ 4.0029 ’ 5.7865 ’ 7.8829 ’ 13.5064
’ 1.9 | 1.3687 l 1.9104 ’ 2.4046 ’ 4.1008 ’ 5.9875 ’ 8.2252 | 14.2731
’ 2.0 1.3907 I 1.9904 ’ 2.4560 ’ 4.1922 ’ 6.1812 ’ 8.5629 ’ 15.0508

Table 22. Dimensionless Ratio of the Standard Error of the T-Year Event to the Standard Deviation of the
Annual Events for Normal and Log Normal Distributions

Sample Length, n

 Samplelengnn

Return Period Tr




’ 2 ’ 0.707 ’ 0.447 ’ 0.316 0.224 | 0.141 ’ 0.100
’ 5 ’ 0.782 | 0.495 ’ 0.350 0.247 I 0.156 ’ 0.116
’ 10 ’ 0.954 ’ 0.604 ’ 0.427 0.302 I 0.191 ’ 0.135
’ 20 ’ 1.083 ’ 0.685 ’ 0.484 0.342 | 0.217 ’ 0.153
50 1.208 0.764 0.540 0.382 0.242 0.176
| | | | | | |
’ 100 ’ 1.364 ’ 0.863 ’ 0.610 ’ 0.431 I 0.273 ’ 0.193
|

from Kite, 1977

The standard error of estimate for the 100-year flood on the Medina River data is calculated below:

Sample length =43 Years
Return Period, Tr =100 Years

From Table 22, Ratio= 0.31
S100 = (:31) S = (.31)(7074.5) = 2193 CFS (62 CMS}

This is very close to the standard error calculated with Equation (4-32), which was 2077 CFS (59 CMS).

The standard error computed in this manner is actually a measure of the variance that could be expected in a
predicted T-year event if the event were estimated from each of a very large number of equally good samples of
equal length. Because of its critical dependence on the period of record, the standard error is difficult to interpret,
and a large value may be the reflection of a short record. For example, the standard error for the log-Pearson Il
estimate of the 100-year flood is relatively large. However, the 43-year period of record is statistically of insufficient
length to properly evaluate the station skew, and the potential variability in the prediction of the 100 year flood is
shown by the standard error of estimate. For this reason, some hydrologists prefer confidence limits for evaluating
the reliability of a selected frequency distribution.

4.3.6.2 Confidence Limits

Confidence limits are used to estimate the uncertainties associated with the determination of floods of specified
return periods from frequency distributions. Since a given frequency distribution is only an estimated determinant
from a sample of a population, it is probable that another sample from the same stream of equal length but taken at
a different time would yield a different frequency curve. Confidence limits, or more correctly, confidence intervals,
define the range within which these frequency curves could be expected to fall with specified confidence or levels of
significance.

Bulletin 17B outlines a method for developing upper and lower confidence intervals. The general forms of the
confidence limit equations are

Upcl@)=0Q+ SHIIE'J,C (4-33)
and
Lpc(@)=0Q+SKke (4-34)

where U, ((Q) and L, .(Q) are the upper and lower confidence limits for a flow, Q, at a level of confidence, c, and
exceedance probability, p; and KUp,c and KLp,c are the upper and lower confidence coefficients at the specified
values of p and c. Values of KUp,C and K'-p,C for normal distribution are given in Table 23 for the commonly used
confidence levels of 0.05 and 0.95. Bulletin 17B, from which Table 23 was abstracted, contains a more extensive
table covering other confidence levels.

Confidence limits defined in this manner are called one-sided because each defines the limit on just one side of the
frequency curve. The one-sided intervals can be combined to form a two-sided confidence limit such that the
combination of 95 percent and 5 percent confidence limits define a 90 percent confidence limit. Practically, this
means that at a specified exceedance probability or return period, there is a 5 percent chance the flow will exceed



the upper confidence limit value and a 5 percent chance the flow will be less than the lower confidence limit value.
Stated another way, it can be expected that 90 percent of the time, the specified frequency flow will fall within the
two confidence limits.

When the skew is non-zero, Bulletin 17B gives the following approximate equations for estimating values of KUp,c
and KLp,c in terms of the value of K¢ , for the given skew and exceedance probability

M2
HI‘-‘I 4 HG,P et HG,P - ab (4_35)

il
o

a
and
s e
i Kop ~ K5 p —ab (4-36)
' a
where
2
a="1- €
=1
2
b-K3p - 22

and where Z. is the standard normal deviate (zero-skew Pearson Type Il deviate) with exceedance probability of
(1-c).

Table 23. Confidence Limit Deviate Values for Normal and Log-Normal Distributions

Exceedance Probability

05 10 | 4862 | 3.981 | 3549 | 3.075 | 2355 | 1702 | | | -1.563
15 | 4304 | 3520 | 3136 | 2.713 | 2.068 | 1482 | 455 | -.406 1677

[ 20 [ 4033 | 3295 | 2934 | 2534 | 1926 | 1.370 | .387 460 | -1.749

25 | 3868 | 3158 | 2809 | 2425 | 1838 | 1301 | 342 | -497 | -1801

30 | 3755 | 3064 | 2724 | 2350 | 1777 | 1252 | 310 | -525 | -1840

| 40 [ 3608 | 2941 | 2613 | 2251 | 1697 | 1188 | .266 | -.656 | -1.896

50 | 3515 | 2862 | 2542 | 2188 | 1646 | 1146 | 237 | -592 | -1.936

60 | 3.448 | 2807 | 2492 | 2143 | 1609 | 1116 | 216 | -612 | -1966

| 70 [ 3399 | 2765 | 2454 | 2110 | 1581 | 1093 | 199 | -629 | -1.990

80 | 3360 | 2733 | 2425 | 2083 | 1559 | 1076 | 186 | -.642 | -2010

00 | 3328 | 2706 | 2400 | 2062 | 1542 | 1061 | .175 | -.652 | -2.026

| 100 | 3301 | 2684 | 2380 | 2044 | 1527 | 1049 | .166 | -.662 | -2.040

95 10 | 1989 | 1563 | 1348 | 1104 | 712 | 317 | -580 | -1.702 | -3.981
15 | 2121 | 1677 | 1454 | 1203 | 802 | 406 | -455 | -1482 | -3520

[ 20 [ 2204 | 1749 | 1522 | 1266 | 858 | 460 | -387 | -1370 | -3.295

25 | 2264 | 1801 | 1569 | 1.309 | .898 | 497 | -.342 | -1.301 | -3158

30 [ 2310 | 1840 | 1605 | 1342 | 928 | 525 | -310 | -1.252 | -3.064

[ 40 | 2375 | 18% | 1657 | 1391 | 970 | .565 | -.266 | -1188 | -2.941

[ 50 [ 2421 | 1936 | 1604 | 1424 | 1000 | 592 | -237 | -1146 | -2.862




60 | 2456 | 1966 | 1722 | 1450 | 1.022 | 612 | -216 | -1116 | -2.807
70 | 2484 | 1990 | 1745 | 1470 | 1040 | 629 | -199 | -1.093 | -2.765
| 80 | 2507 | 2010 | 1762 | 1487 | 1054 | 642 | -.186 | -L076 | -2.733
90 | 2526 | 2026 | 1778 | 1500 | 1.066 | 652 | -175 | -1.061 | -2.706
100 | 2542 | 2040 | 1791 | 1512 | 1077 | 662 | -.166 | -1.049 | -2.684

|from WRC, 1981

For the Gumbel extreme value distribution, Kite, 1977, gives the upper and lower 95 percent confidence limits as

Qr+1.96 S,

where St is determined from Equation (4-32), and Table 20.

(4-37)

Confidence limits for each of the standard distributions have been computed in accordance with the above
discussion. These are illustrated in Figure 31, Figure 32, Figure 33 and Figure 34, which show the standard

frequency curve and confidence intervals at the 0.05 and 0.95 level of significance. Although the methods are not
consistent with one another, the confidence limit curves give comparable results.

Based on the computed confidence limits, it appears that a log-Pearson Il would be the most acceptable distribution
for the Medina River data. The actual data follow the distribution very well, and all the data fall within the confidence
intervals. Compared to the log-normal distribution which also provides a reasonabile fit, it is to be noted that the
confidence limits for the log-Pearson |1l distribution are a little narrower or tighter-at the upper and lower ends of the
curve. Based on this analysis, the log-Pearson Type Il would be the preferred standard distribution with log-normal
also acceptable. The normal and Gumbel distributions are unsatisfactory for this particular set of data.
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Figure 31. Normal Distribution with Confidence Limits, Medina River, TX
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Figure 32. Log-Normal Distribution with Confidence Limits, Medina River, TX
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Figure 33. Gumbel Extreme Value Distribution with Confidence Limits, Medina River, TX
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Figure 34. Log-Pearson Type lll Distribution with Confidence Limits, Medina River, TX

4.3.7 Other Data Considerations in Frequency Analysis

In the course of performing frequency analyses for various watersheds, the designer will undoubtedly encounter
situations where further adjustments to the data are indicated. Additional analysis may be necessary due to outliers,
inclusion of historical data, incomplete records or years with zero flow and mixed populations. Some of the more
common methods of analysis are discussed in the following paragraphs.

4.3:7.1 Outliers

Outliers, which may be found at either or both ends of a frequency distribution, are data points that occur, but



appear to belong to a sample of a different size. This is reflected in one or more data points not following the trend
of the remaining data.

Bulletin 17B presents criteria based on a one-sided test to detect outliers at a 10 percent significance level. If the
station skew is greater than 0.4, tests are applied for high outliers first; and if less than -0.4, low outliers are
considered first. If the station skew is between + 0.4, both high and low outliers are tested before any data are
eliminated. The detection of high and low outliers is obtained with the equations

High Ouitlier:

Q. = QL -Ky5, (4-38a)
and Low Outlier:

QL = QL +Ky5, (4-38Db)

where Q, is the log of the high or low outlier limit, @ L is the mean of the log of the sample flows, S, is the standard

deviation of the sample of Q, and Ky is the critical deviate taken from Table 24.

To illustrate, this criteria for outlier detection, Equation (4-38a) and_Equation (4-38b) are applied to the 43-year

record for the Medina River which has G L =3.639 and S| = 0.394. From Table 24, K, = 2.710. Testing first for high
outliers,

Q, =3.639 + 2.710 (0.394) = 4.707
Q = 10(4.707) = 50,933 CFS (1442 CMS)

Table 24. Outlier Test K Values at 10 Percent Significance Level

| 10 ] 2.036 ] 45 | 2.727 ] 80 | 2.940 ] 115 ] 3.064
| 11 ] 2.088 ] 46 | 2.736 ] 81 | 2.945 ] 116 ] 3.067
| 12 ] 2.134 ] 47 | 2.744 ] 82 | 2.949 ] 117 ] 3.070
| 13 ] 2.165 ] 48 | 2.753 ] 83 | 2.953 ] 118 ] 3.073
| 14 ] 2.213 y 49 | 2.760 ] 84 | 2.957 ] 119 ] 3.075
| 15 ] 2.247 ] 50 | 2.768 ] 85 | 2.961 ] 120 ] 3.078

16 ] 2.279 51 | 2.775 ] 86 2.966 ] 121 3.081

17 ] 2.309 52 | 2.783 87 2.970 ] 122 3.083
| 18 ] 2.335 53 | 2.790 88 | 2.973 ] 123 3.086
| 19 ] 2.361 ] 54 | 2.798 ] 89 | 2.977 ] 124 ] 3.089
| 20 ] 2.385 ] 55 | 2.804 ] 90 | 2.981 ] 125 ] 3.092
| 21 ] 2.408 ] 56 | 2.811 ] a1 | 2.984 ] 126 ] 3.095
| 22 ] 2.429 ] 57 | 2.818 ] 92 | 2.989 ] 127 ] 3.097
| 23 ] 2.448 ] 58 | 2.824 ] 93 2.993 ] 128 ] 3.100

24 ] 2.467 59 | 2.831 ] 94 2.996 ] 129 3.102

25 ] 2.487 60 | 2.837 95 3.000 ] 130 3.104
| 26 y 2.502 61 | 2.842 96 | 3.003 ] 131 3.107
| 27 y 2.510 y 62 | 2.849 y 97 | 3.006 ] 132 3.109

28 ] 2.534 63 | 2.854 98 | 3.011 ] 133 3.112




| 29 ] 2.549 ] 64 | 2.860 ] 99 | 3.014 ] 134 ] 3.114
| 30 ] 2.563 ] 65 ] 2.866 ] 100 | 3.017 ] 135 ] 3.116

31 ] 2.577 76 | 2.871 ] 101 3.021 ] 136 3.119

32 ] 2.591 67 | 2.877 102 3.024 ] 137 3.122
| 33 | 2.604 68 | 2.883 103 [ 3027 | 138 3.124
| 34 | 2616 69 | 2.888 104 | 3030 | 139 3.126
| 35 | 2628 70 | 2893 105 [ 3033 | 140 3.129
| 36 | 2639 | 71 | 2897 | 106 | 3037 | 141 [ 3131
| 37 | 2650 | 72 | 2903 | 107 | 3040 | 142 | 3133
| 38 [ 2661 | 73 | 2908 | 108 | 3043 | 143 [ 3135
| 39 [ 2671 | 74 | 2912 | 109 | 3046 | 144 | 3138
| 40 | 2682 | 75 | 2917 | 110 | 3049 | 145 | 3140
| 41 [ 2692 | 76 | 2922 | 111 3.052 | 146 | 3142
| 42 [ 2700 | 77 | 2927 | 112 3.055 | 147 | 3144
| 43 | 2710 78 | 2931 | 113 3.058 | 148 | 3146
| 44 | 2710 79 | 2935 | 114 3.061 | 149 [ 3148
|from WRC, 1981

No flows in the sample exceed this amount, so there are no high outliers.

Now testing for low outliers, Equation (4-38b)

Q =3.639-2.710 (0.394) = 2.571
Q =10(2:571) = 372 CFS (11 CMYS)

There are no flows in the Medina River sample that are less than this critical value. Therefore, the entire sample is
used in this log-Pearson Il analysis.

If the sample is found to contain high outliers, the peak flows should be checked against historical data and data
from nearby stations before discarding the data from the sample. If a high outlier-is adjusted based on historical

data, the mean and standard deviation of the log distribution should be recomputed for the adjusted data before
testing for low outliers.

The SCS National Engineering Handbook, 1972, presents a similar procedure for testing for high and low outliers
based on Five-Percent Two-Sided Critical Deviates for a normal distribution. The detection criteria is identical to that
used for the log-Pearson 11l method described above except that the value of K, is taken from an appropriate table

contained in the SCS Handbook for values of the critical deviate. The SCS procedure involves an iterative
procedure wherein the sample characteristics are used to test for successive outliers. If the first data point is
determined to be an outlier and discarded, new sample chacteristics are determined and the next data point is
tested. The procedure is repeated until no further outliers are detected.

Regardless of the technique used to test for outliers, the designer should consider the possibility of other standard
distributions if more than one or two outliers are detected. If a better distribution can be found, it should be used and
again tested for outliers. If a better distribution cannot be found, the designer may then either adjust the outliers for
historical data in the case of high outliers, treat the low outliers as missing data, or simply keep or eliminate the data
from the sample. This latter decision is judgmental and will depend on the use of the frequency analysis and the
designer's experience and understanding of the hydrologic and physical characteristics of the watershed.

4.3.7.2 Historical Data

When there is reliable information indicating that one or more large floods occurred-outside the period of record, the
frequency analysis should be adjusted to account for these events. Although estimates of unrecorded historical flood
discharges may be inaccurate, they should be incorporated into the sample because the error in estimating the flow



is small in relation to the chance variability in the peak flows from year to year. If, however, there is evidence these
floods resulted under different watershed conditions or from situations that differ from the sample, the large floods
should be rejected as outliers or some other analysis used.

Bulletin 17B provides methods to adjust for historical data based on the assumption that "the data from the
systematic (station) record is representative of the intervening period between the systematic and historic record
lengths." Two sets of equations for this adjustment are given in Bulletin 17B. The first is applied directly to the
log-transformed station data including the historical events. The floods are reordered, assigning the largest historic
flood a rank of one. The order number is then weighted giving a weighting of 1.00 to the historic event, and
weighting the station data order by a value determined from the equation

H- £
n+L

W =

(4-39)

where W is the weighting factor, H is the historically longer period of years, Z is the number of historical events
included in the analysis and L is the number of low outliers excluded from the analysis. The properties of the
historically extended sample are then computed according to the equations
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where @ ‘L is the historically adjusted mean log transform of the flows, Q, is the log transform of the flows

contained in the sample record, Q| 7 is the log of the historic peak flow, S| is the historically adjusted standard
deviation and G'| is the historically adjusted skew coefficient. All other values are as previously defined.

In the case where the sample properties were previously computed such as were done for the Medina River in
Table 12, Bulletin 17B gives the following adjustments which can be applied directly

GI'_:WFI QL+ZQL|E (4_43)
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Once the adjusted statistical parameters are determined, the log-Pearson Il distribution is determined by Equation
(4-26) using a plotting position determined by the Weibull formula

m
H+]

P - (4-46)



where m' is the adjusted order number of the floods including historical events, where

m':mforli: mi: Z

m'=Wm - (W-1)(Z+0.5)for(Z+1) = m = (Z+nL)

Detailed examples illustrating the computations for the historic adjustment are contained in Bulletin 17B and the
designer is referred to this reference for further information.

4.3.7.3 Incomplete Records and Zero Flows

Streamflow records are often interrupted for a variety of reasons. Gages may be removed for some period of time,
there may be periods of zero flow which are common in the arid regions of the United States, and there may be
periods when a gage is inoperative either because the flow is too low to record or it is too large and causes a gage
malfunction.

If the break in the record is not flood related such as the removal of a gage, no special adjustments are needed and
the segments of the interrupted record can be combined together to produce a record equal to the sum of the length
of the segments. When a gage malfunctions during a flood, it is usually possible to estimate the peak discharge from
highwater marks or slope-area calculations. The estimate is made a part of the record and a frequency analysis
performed without adjustment.

Zero flows or flows that are too low to be recorded present more of a problem since in the log transform, these flows
produce undefined values. In this case, Bulletin 17B presents an adjustment based on conditional probability which
is applicable if not more than 25 percent of the sample is eliminated. The adjustment for zero flows also is applied
only after all other data adjustments have been made. The adjustment is made by first calculating the relative
frequency, Pa, that the annual peak will exceed the level below which flows are zero, or not considered (the
truncation level). In other words,

Pa - % (4-47)

where M is the number of flows above the truncated level and n is the total period of record. The exceedance
probabilities, P, of selected points on the frequency curve are recomputed as a conditional probability as follows

P =PaPd (4-48)

where Pd is the selected probability. Since the frequency curve adjusted by Equation (4-48) has unknown statistics,
its properties, synthetic values, are computed by the equations

Qs = I05(Q 50)- K 50(Ss) (4-49)
l0g{Q g/ Qgg)
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and

Gy =-250+312/2980 M 10)
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(4-51)

where @ s Sg and Gg are the mean, standard deviation and skew of the synthetic frequency curve, Q g; Q 19 and

Q 5 are discharges with exceedance probabilities of 0.01, 0.10 and 0.50 respectively, and K 5, and K g are the
standard log-Pearson Il deviates for exceedance probabilities of 0.01 and 0.50 respectively. The values of Q g4,

Q 10 and Q 59 must usually be interpolated since probabilites computed with Equation (4-47) are not normally those
needed to compute the properties of the synthetic or truncated distribution.

The log-Pearson Il distribution can then be computed in the co